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Introduction
chapter 1
8Numeracy is a fundamental aspect of modern life (Butterworth, 2005). Moreover, 
it has been found to be an important prerequisite for academic achievement (e.g. 
Aunio & Niemivirta, 2010). In addition, work success is predicted by numeracy as well. 
Chiswick and colleagues (2003) argue that education is associated with improvement 
in literacy and numeracy skills and this is rewarded in labour market success. Although 
quite some research has been dedicated to the numeracy development of typically 
developing children, the knowledge on the numeracy development of children with 
motor disabilities is negligible (Pieters, Desoete, Van Waelvelde, Vanderswalmen, & 
Roeyers, 2012). One of these disabilities with severe consequences is cerebral palsy 
(CP). CP places high demands on the health, educational, and social services of the 
society (Cans, 2000). Around 40% of the children with CP have associated learning 
difficulties (Himmelmann, Beckung, Hagberg, & Uvebrant, 2006). Straub & Obrzut 
(2009) estimate that even half of the children with CP have learning problems. 
Traditionally, the core elements of education are language and arithmetic. Children 
with CP were found to have more difficulties with arithmetic compared to linguistic 
skills (Frampton, Yude, & Goodman, 1998). Therefore, the aim of the present 
thesis is to study the development of early numeracy and arithmetic performance 
in children with CP. Gained knowledge on how the early numeracy and arithmetic 
performance of these children changes over time and which factors are predictive 
of their performance, will aid the development of effective intervention programs.
Development of numeracy 
Processes and individual variation 
People are assumed to possess an innate capacity to discriminate between different 
quantities. Infants of 6 months of age have found to be already able to differentiate 
between 8 and 16 dots (Xu & Spelke, 2000). However, some researchers have 
argued that infants do not possess innate domain-specific modules and we 
should therefore emphasize on the interaction between the child and his or her 
environment (Newcombe, 2002). Although it might seem as a basic skill, counting 
is seen as a complex task for children, because they have to learn the words in 
the correct stable order, map the words to their meaning and understand that the 
last counted object represents the quantity (also called the counting principles). 
Counting is the basis for solving addition and subtraction tasks. That is, children 
learn to solve tasks like 3 + 5 by moving from ‘counting all’ (1, 2, 3 and 1, 2, 3, 4, 
5), to ‘counting on’ (3 and 4, 5...etc.) and start to count from the largest number 
(5 and 6, 7, 8). In the following phase, they learn to retrieve answers of addition and 
subtraction tasks from their memory (Butterworth, 2005). 
 Various factors have been found to be related to the development of arithmetic 
in typically developing children. Working memory and executive functioning 
assessed at preschool were predictive of math achievement at primary school 
(Bull, Espy, & Wiebe, 2008). Using a longitudinal design, Krawjeski and Schneider 
(2009) investigated the influence of phonological processing and visual-spatial 
working memory and concluded that early literacy capacities were related to the 
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development of mathematical performance at 8 years of age. Recently, LeFevre 
and colleagues (2010) reported on a more in depth model in which linguistic, 
quantitative and spatial pathways are associated with mathematical competencies. 
Stated otherwise, various domain-general, such as working memory and non-verbal 
intelligence, and domain-specific factors, such as phonological awareness and 
numeracy knowledge, have shown to be predictive of arithmetic development in 
children. 
Embodied cognition perspective
Piaget already argued that for the development of cognition activities are crucial in 
the sensory-motor phase (Piaget & Inhelder, 1966). Stated otherwise, when children 
learn to walk, they will have the ability to look at their surrounding environment 
from a different point of view, move to novel objects and this will provide them 
with learning experiences (Thelen & Smith, 1994). In addition, patients with 
neurodevelopmental disorders are frequently affected in both motor and cognitive 
functioning. For instance, around half of the children with ADHD also show 
motor difficulties (Diamond, 2000). Moreover, for children with developmental 
coordination disorder (DCD) who mainly experience perceptual motor difficulties 
the most common reported comorbid disorders are ADHD and learning disabilities 
(Jongmans, Smits-Engelsman, & Schoemaker, 2003). 
 The interrelation between action and cognition has been entitled the ‘embodied 
cognition’ perspective. Several different views on embodied cognition have been 
proposed (Wilson, 2002). Probably the most general description states that: ‘(…) the 
mind must be understood in the context of its relationship to a physical body that 
interacts with the world’ (p. 202). Children with CP have limited motor capacities 
from birth or an early age onwards. As a result of their motor difficulties, these 
children will have fewer opportunities to explore their environment and encounter 
novel learning environments. 
 Concerning typically developing children, a selective account of studies has already 
investigated the relation between fine motor skills and numeracy and arithmetic. 
Son & Meisels (2006) reported that visual spatial skills assessed at kindergarten 
predicted a unique amount of variance in math scores at the end of first grade. More 
specifically, fingers are beneficial in learning to count (Jordan, Kaplan, Ramineni, 
& Locuniak, 2008) and gestures to solve mathematical tasks (Goldin-Meadow, Cook, 
& Mitchell, 2009). However, in children with CP the influence of motor skills on 
early numeracy and arithmetic has not been studied yet. 
Cerebral palsy
Characteristics of cerebral palsy
Participation in age-appropriate activities contributes to a healthy social, emotional, 
and physical development for all children. Especially for children with disabilities, 
participation has been described as a core feature of development (WHO, 2007). 
Children with neurodevelopmental disabilities might be hindered in their ability 
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to participate for instance through a medical or physical impairment (Mâsse, 
Miller, Shen, Schiariti, & Roxborough, 2013). The most frequent cause for physical 
difficulties among children is cerebral palsy (CP) (Cans, 2000).
 Cerebral palsy has been defined as ‘(…) a group of permanent disorders of 
the development of movement and posture, causing activity limitation, that are 
attributed to non- progressive disturbances that occurred in the developing foetal 
or infant brain. The motor disorders of cerebral palsy are often accompanied by 
disturbances of sensation, perception, cognition, communication and behaviour 
(…)’ (p.9, Rosenbaum, Paneth, Leviton, Goldstein, & Bax, 2007). Stated otherwise, 
children with CP share a permanent imparment of the brain, however, at what 
time the damage ocurred can differ considerably, that is during brain formation, 
development or maturation. Consequently, children with CP form a heterogeneous 
group (Rosenbaum et al., 2007). 
 To give more insight in the severity of the disorder various classification systems 
have been developed. Commonly a division based on different types of motor 
function is used, that is spastic, dyskinetic and ataxic. Spastic CP is the most common 
type and is characterized by increased muscle tone. Dyskinetic CP is dominated 
by involuntary, uncontrolled and sometimes stereotyped movements, whereas the 
ataxic subtype is dominated by a loss of muscular coordination (Cans, 2000). In 
addition, the Gross Motor Function Classification System (GMFCS) is often used, 
which is an ordinal scale that ranges from level 1 to 5. Level 1 indicates minor motor 
difficulties, like difficulties with grasping bimanually, whereas level 5 indicates 
the most severe motor problems, e.g. children might for instance use an electric 
wheelchair (Palisano et al., 2000). 
Cognitive functioning in children with cerebral palsy
As stated in the definition, CP is often associated by disturbances in other 
developmental domains among which cognition (Rosenbaum et al., 2007). Generally, 
children with CP show neuropsychological impairments. Although the amount 
of studies is still limited and most research has only included children with the 
spastic type of CP, difficulties with short term memory and executive functions are 
repeatedly reported (Straub & Obrzut, 2009). For instance, children and adolescents 
were found to experience difficulties in goal setting, attention and cognitive control 
compared to typically developing children (Bodimeade, Whittingham, Lloyd, & 
Boyd, 2013). 
 Longitudinal studies have shown that the domain-general abilities of children 
with CP remained stable or decreased over time (e.g. Gonzalez-Monge et al., 
2009; Levine, Kraus, Alexander, Suriyakham, & Huttenlocher, 2005). For instance, 
Gonzales-Monge and colleagues followed 32 children from 5 till 13 year of age and 
reported that intelligence scores remained constant, but performance intelligence 
declined. On the contrary, Smits and colleagues (Smits et al., 2011) concluded that 
the non-verbal intelligence quotient scores of children with CP did not improve, 
however, the raw scores on the non-verbal intelligence task increased over a 2 year 
11
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period for children between 5 and 9 years of age. More specifically, children showed 
different developmental trajectories related to their gross motor functioning and 
type of CP. That is, the increase in non-verbal intelligence scores of children with 
GMFCS scores level 1 and 2 were comparable to typically developing children. In 
sum, currently no consensus has been reached on the developmental trajectories 
related to the cognitive abilities of children with CP.
Numeracy in children with cerebral palsy
Only a few studies have been dedicated to the numeracy performance of children 
with CP (see van Rooijen, Verhoeven, & Steenbergen, 2011 for a more extended 
review). The conducted studies show that children with CP are generally delayed in 
numeracy performance compared to their peers. However, due to the limited amount 
of studies no definite conclusions can be drawn concerning the early numeracy and 
arithmetic performance of these children. First, the early numeracy capacities of 
children with CP have not been investigated longitudinally. This is surprising since 
arithmetic has been found to develop in a hierarchical manner which indicates that 
early numeracy performance is an important requirement for later development. In 
addition, it has not been investigated which domain-general and domain-specific 
factors are associated with early numeracy and arithmetic development of children 
with CP. Moreover, following the embodied cognition perspective there is a lack 
of knowledge on the influence of fine motor skills and the interrelation between 
motor and cognitive factors on the development of arithmetic performance. 
Present thesis
Educational context 
Traditionally, children with CP can attend mainstream or special education 
schools in the Netherlands. At special education schools several specialists, like 
physiotherapists, speech therapists and remedial educationalists, are present 
to give children additional attention and assistance. Starting in August 2014, 
the ‘Passend onderwijs’ law has been implemented. This law states that regular 
and special education schools share a responsibility to provide care for all pupils 
including children who need additional assistance in finding a suitable school. 
This urges the need for schools and teachers to gain more knowledge on the most 
effective educational practices for all children in their class. For the current project, 
we have decided to focus on children attending special education schools to limit 
the variety between the children. All primary schools for children with motor 
difficulties (‘Mytylscholen’) were asked to participate. Children were included if 
they were born between August 2004 and February 2006. Moreover, they had to 
understand Dutch and to be able to respond independently. 
 For two studies, we collaborated with the PEadiatric Rehabilitation Research in the 
Netherlands (PERRIN) research group. PERRIN is a project of several research groups 
to improve the knowledge on activities, participation and health of children with CP 
from 0 till 24 years of age (for more information see www.perrin.nl or Smits et al., 
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2011). In the PERRIN project children were recruited from rehabilitation centres 
in the Netherlands. Therefore, it was possible that they attended mainstream or 
special education schools. 
Aims and research questions
The aim of the present thesis was to increase the knowledge on the cognitive 
development and especially the numeracy performance of primary school children 
with CP. In this thesis early numeracy has been defined as both beginning numeracy 
consisting of counting, comparing quantities and general understanding of 
numbers, but also arithmetic accuracy consisting of addition and subtraction tasks. 
To examine the development of early numeracy performance of children with CP, 
we have conducted a longitudinal study on early numeracy performance and its 
predictors. We followed a group of children with CP for 2 years and assessed their 
motor and cognitive performance annually which resulted in three measurement 
waves. 
 Before the start of the experimental project, we performed a literature search to 
review the previous studies on this topic. Taking into account the limited knowledge 
on the arithmetic development of children with CP, we included a broad range of 
domain-general and domain-specific cognitive factors. Moreover, following the 
embodied cognition perspective we also included fine motor abilities in the current 
study. The difficulties that children with CP encounter with their hand functioning 
might especially influence their arithmetic performance. Finally, in various cross-
sectional and longitudinal studies we have examined which factors were predictive 
of the numeracy and arithmetic performance and the development in these 
domains. 
Thesis outline
This thesis consists of 8 additional chapters. 
 In the second chapter, a review on the current knowledge on early numeracy 
and arithmetic performance of children with CP is presented. We examined 
which studies had already been conducted on the numeracy and mathematical 
performance of children with CP. Therefore, we conducted a systematic literature 
search and summarized the performed studies. In addition, an agenda for future 
research is described. 
 The third chapter describes a cross-sectional study on motor and cognitive factors 
associated with early numeracy performance of children with CP at 6 years of age. 
Research concerning typically developing children has indicated that domain-
general (i.e. non-verbal intelligence and working memory) and domain-specific 
(i.e. language) factors are related to numeracy performance. Structural equation 
modelling (SEM) analyses were performed to examine the precursors of early 
numeracy for children with CP. 
 In the fourth chapter, we focus on the longitudinal development of numeracy 
performance and arithmetic in children with CP. Based on the results of our cross-
13
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sectional study, we looked specifically at working memory, counting and fine motor 
skills. We investigated whether these factors assessed at 6 and 7 years of age were 
associated with numeracy and arithmetic performance at 8 years of age. 
 In chapter five, we compared the predictors of numeracy and arithmetic 
performance when the children were 8 years of age. Previous studies focused 
on either numeracy or arithmetic performance and included only a small set of 
predictors. In the present study, it was examined to what extent fine motor 
measures (gross and fine manual dexterity and visual-motor integration), linguistic 
skills (phonological awareness and sentence understanding) and working memory 
(verbal and visual working memory and executive functioning) could explain 
early numeracy and arithmetic performance of children with CP. Moreover, it was 
investigated whether numeracy could explain additional variance in arithmetic 
performance. 
 In the next chapter (six), the results of a cross-sectional study on several factors 
associated with the ability to solve addition and subtraction tasks can be found. We 
investigated whether non-verbal intelligence, working memory, word decoding and 
fine motor skills were associated with arithmetic performance of primary school 
children with CP. 
  In the final empirical chapter (seven), a longitudinal study on the development 
of arithmetic is presented. First, we studied whether the ability of children with 
CP to solve addition and subtraction tasks increased between 7 and 9 years of 
age. Moreover, we examined whether non-verbal intelligence, working memory 
and word decoding were related to the initial arithmetic at 7 years of age and the 
growth in performance from 7 till 9 years of age. 
 Chapter eight is dedicated to a discussion on most promising intervention and 
remediation studies to accelerate the development of numeracy performance 
of children with CP. We reported that children with CP regularly lag behind on 
numeracy and arithmetic performance compared to their peers. If we want to 
improve this performance, we need to examine whether numeracy is amendable 
for improvement and which specific factors should be targeted within a remediation 
program. Here, first a selection of the data from a large longitudinal study on the 
development of early numeracy in children with CP is presented. Second, we 
performed a literature search to review the available research on intervention 
programs to improve working memory and numeracy in both children with CP and 
typically developing children. 
 In the final chapter, the results of the present thesis are briefly summarized. 
Additionally, the theoretical and practical implications of the conducted studies 
are discussed. 
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Children with cerebral palsy (CP) often have problems with 
arithmetic, but the development of numerical abilities 
in these children has received only minor attention. In 
comparison, detailed accounts have been written on 
the arithmetic abilities of typically developing children, 
but a theoretical framework is still lacking. A promising 
perspective is the embodied cognition framework, 
which focuses on the influence of perception and action 
behaviours on cognition. We searched the literature to 
find the available studies on the early numeracy capacities 
of children with CP. We reviewed eight studies in which 
primary school-aged children with CP with a verbal IQ 
of at least 70 participated. The selected studies showed 
that these children are regularly delayed in performing 
simple arithmetic operations compared with their typically 
developing peers. However, owing to the limited number of 
studies no definite conclusions can be drawn regarding the 
precursors and developmental trajectories of arithmetic 
abilities in children with CP. We argue that the embodied 
cognition framework is well suited to scrutinize the 
arithmetic abilities of children with CP and provide future 
directions for research.
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Early num
eracy in cerebral palsy: review
 and future research
Cerebral palsy (CP) is a disorder that primarily affects motor control. Children 
diagnosed with CP often show additional disturbances of sensation, perception, 
behaviour, and communication (Bax, Goldstein, Rosenbaum, Leviton, & Paneth, 
2005). Still, knowledge about cognitive abilities, and their development, in children 
with CP is scarce (Straub & Obrzut, 2009). This is surprising because of the high 
prevalence of arithmetic learning problems (26%) and reading difficulties (19%) in 
children with hemiplegic CP (Frampton, Yude, & Goodman, 1998).
 Early arithmetic skills, such as counting and number recognition, have been 
shown to have a profound influence on later academic achievement (Byrnes & 
Wasik, 2009; Claessens, Duncan, & Engel, 2009; Duncan et al., 2007; Locuniak 
& Jordan, 2008). Moreover, numbers and arithmetic skills fulfil a central role in 
daily life (Butterworth, 2005; Geary, 2000). People are confronted with numerical 
information in daily activities, such as finding the correct bus, paying for shopping, 
and setting dates to meet friends. Surprisingly, considerably less attention has been 
given to research on arithmetic abilities than to research on reading capacities 
(Hecht, Torgesen, Wagner, & Rashotte, 2001). This is especially the case for children 
with CP, as evidenced by a recent review on the neuropsychological functioning in 
this group that did not discuss any study on the development of arithmetic abilities 
(Straub & Obrzut, 2009).
 The aim of this paper is to address the topic of early numeracy in CP. First, we 
describe the embodied cognition framework from which the development of 
arithmetic skills can be systematically studied. Second, we give a description of 
contemporary knowledge on the development of numerical and arithmetical 
abilities from infancy to primary school, followed by a review of studies on early 
numeracy in children with CP. Finally, we present directions for future research on 
this topic. In sum, this paper provides a starting point for future studies that will 
increase our understanding of early numeracy skills after congenital brain damage 
(CP).
The role of embodied cognition in arithmetical development 
One of the essential questions in developmental psychology is the origin and 
growth of knowledge. Historically, the debate was polarized between empiricism 
and nativism as the two extremes (Miller, 2002). Recently, Spencer et al. argued 
that we should put the nativist–empiricist debate behind us and focus on theories 
that embrace the idea that development ‘entails cascades of interactions across 
multiple levels of causation, from genes to environments’ (p. 80, Spencer et al., 
2009). A promising and relatively new perspective focusing on the influence of 
real-time perception and action behaviour on cognition is the theory of embodied 
cognition (Barsalou, 2008; Clark, 2006; Thelen & Smith, 1994; Wilson, 2002). 
Although different accounts of this perspective have been developed, the central 
assumption is that ‘… the mind must be understood in the context of its relationship 
to a physical body that interacts with the world’. (p. 625, Wilson, 2002). As already 
proposed by Piaget, in infancy sensory–motor activities are fundamental to the 
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development of cognition (Piaget & Inhelder, 1966). In other words, when children 
acquire the ability to walk, they will have the ability to look at the world from a 
different perspective, come across other objects, and in general encounter new 
learning experiences (Thelen & Smith, 1994). Stated otherwise, locomotion leads 
to developmental changes because of ‘… the experiences that are engendered by 
independent mobility’ (p. 151, Campos et al., 2000).
 Research dealing with the influence of motor capacities on arithmetic development 
has predominantly focused on the association between finger-use and counting. 
Noël (2005) demonstrated that for children in first grade (mean age 6y 10mo), finger 
gnosia, namely finger recognition and discrimination, was a more powerful predictor 
of a combined factor of numerical abilities, such as a speeded addition test, than 
general cognitive measures a year later (see also Fayol, Barrouillet, & Marinthe, 
1998). Moreover, finger-counting strategies still influence adults’ numerical 
representations. Di Luca et al. (2006) examined the impact of counting on number 
processing by looking at the typing speed of adults. Based on the assumption that 
small numbers are associated with the left side and larger numbers are linked to 
the right side (also called a spatial numerical association of response code [SNARC] 
effect), it would be expected that participants would be fastest to respond when 
their fingers were mapped to a keyboard displaying increasing numbers from left 
to right. However, typing responses were faster when finger–digit mapping was 
similar to the finger-counting strategy of the participants (starting at the thumb of 
the right hand) compared with other combinations, including the mental number 
line consisting of increasing numbers from left to right. Thus, hands, numbers, 
and space become associated through the use of finger-counting strategies, but 
the exact manner in which this proceeds is still unclear (Andres, Olivier, & Badets, 
2008). 
 Alternatively, it could be hypothesized that fingers represent a visual representation 
system that enables children to keep track of the already counted items (Alibali & 
DiRusso, 1999). Following this line of reasoning, the delay in arithmetic abilities 
of children with CP is not directly linked to their impaired motor abilities, but the 
lack of a representational system could indirectly lead to a deferred conceptual 
understanding. 
 Additional support for an association between bodily activities and arithmetic 
capacities has been demonstrated by Goldin-Meadow et al. (2001) in a series of 
experiments scrutinizing the role of gesturing on arithmetic problem-solving. 
Participants were asked to explain a mathematics problem and remember a list of 
words simultaneously. The mathematics problems were supposed to be challenging 
for the participants. Therefore, the children (mean age 9y 11mo) were asked to solve 
addition problems (like 4+5+3=…+3) and college-aged adults had to solve factoring 
problems (e.g. x2-5x+6= (…) (…)). Children and adults performed significantly better 
when they were allowed to ‘talk’ with their hands while explaining the arithmetic 
problem than the situation in which they were not allowed to use their hands. 
According to the authors, ‘(…) gesture and speech form an integrated and, indeed, 
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synergistic system in which effort expended in one modality can lighten the load on 
the system as a whole’ (p.521, Goldin-Meadow et al., 2001). 
 Furthermore, neuroimaging studies have demonstrated that the regions activated 
by manual actions and the brain regions activated by calculation and number 
processing are located in close proximity to each other in the intraparietal sulcus 
(Simon, Mangin, Cohen, Le Bihan, & Dehaene, 2002). These results support the 
proposal that the quantitative system (number processing) and action system (such 
as grasping) are closely related (for behavioural results see Moretto & di Pellegrino, 
2008). 
 In conclusion, the embodied cognition perspective has been supported by 
various studies that showed a relation between motor activities and cognition. 
Taking this theoretical framework as a starting point, it may be hypothesized that 
the development of adequate arithmetic abilities are compromised and have an 
atypical developmental trajectory in children with congenital motor impairments 
(CP) because their physical disabilities prevent them from obtaining the necessary 
motor experiences.
Early numeracy capacities of typically developing children 
In this section we give a short outline of the typical development of arithmetic 
abilities through primary school. More extended descriptions have been reported 
elsewhere (see Butterworth, 2005; Geary, 1994). One of the most controversial 
topics in mathematical development is whether infants have an innate capacity for 
processing numbers, which follows a nativist perspective (e.g. Dehaene, Piazza, Pinel, 
& Cohen, 2003). Using habituation paradigms, Xu and Spelke (2000) demonstrated 
that 6-month-old infants could distinguish dots at a ratio of 1:2 (8 vs. 16), but not 
at a ratio of 2:3 (8 vs. 12). In addition, 9-month-old infants have been reported to 
look longer at incorrect (5+5=5) than correct (5+5=10) answers of simple arithmetic 
problems (McCrink & Wynn, 2004). Although the research supporting an inborn 
numerical competency is impressive, several critical issues remain. For instance, it 
has been argued that children do not focus on numbers but on the visual–spatial 
characteristics of the stimuli (Newcombe, 2002).
 Arithmetic abilities have been proposed to develop hierarchically, which implies 
that early numeracy skills are fundamental for later development (Aunola, Leskinen, 
Lerkkanen, & Nurmi, 2004) . From 2 years of age, children develop the ability to 
count verbally (Geary, 1994). In almost all cultures, children develop finger-counting 
strategies (Di Luca et al., 2006), which often function as a scaffolding tool (Jordan, 
Kaplan, Ramineni, & Locuniak, 2008). After starting to count verbally, children have 
to grasp counting principles. As an example, the cardinality principle holds that the 
quantity of the counted objects equals the value of the last number in a row (Stock, 
Desoete, & Roeyers, 2009).
 At around 4 or 5 years of age, children in general rely on counting strategies to 
solve simple arithmetic problems. Often, they progress from counting all to counting 
on from the first integer (2+5= (2), 3, 4, etc.), to counting on from the larger digit 
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(2+5= (5), 6, 7), and eventually answers become memorized as children acquire 
arithmetic fact knowledge. It is assumed that associations will develop between 
number combinations (like 2+4) and their correct answers, because these answers 
become reinforced while the associations between incorrect solutions become 
weakened. Much of the further arithmetic development of children is dependent 
on the culture in which they grow up in and its educational system (Butterworth, 
2005), which is in accordance with Vygotsky’s emphasis on the role of social and 
environmental factors (Vygotsky, 1978).
 Several recent studies have investigated the contribution of associated constructs 
to the development of arithmetic abilities during primary school. As expected, 
domain-general, higher-order neuropsychological factors, such as intelligence, 
working memory, and executive functioning have been found to be influential (De 
Smedt et al., 2009; Kroesbergen, Van Luit, Van Lieshout, Van Loosbroek, & Van de 
Rijt, 2009). Working memory seems naturally related to mathematical problem 
solving because incomplete information needs to be remembered while new 
information needs to be processed to arrive at the correct solution (Raghubar, 
Barnes, & Hecht, 2010). However, concerning the specific components of Baddeley’s 
and Hitch’s (1974) working memory model, more controversy exists. The authors 
conclude that ‘… executive and visual-spatial skills may be recruited for the learning 
and application of new mathematical skills ⁄ concepts, whereas the phonological 
loop may come into play after a skill has been learned’ (p. 9, Raghubar et al., 2010). 
The neo-Piagetian theories of cognition (e.g. Case et al., 1996) are predominantly 
attentive to the effect of the growth of working memory capacity on cognition 
(Goswami, 2008). Moreover, domain-specific cognitive abilities such as number 
sense, counting, and subitizing also predict arithmetic performance at school (e.g. 
Desoete, Ceulemans, Roeyers, & Huylebroeck, 2009; Jordan, Glutting, & Ramineni, 
2010; Kroesbergen et al., 2009).
 Recently, endeavours have been made to integrate domain-general skills (i.e. 
working memory and executive function) and domain-specific features (e.g. 
quantity–number competencies) in the development of arithmetic abilities over 
time (Bull, Espy, & Wiebe, 2008; Krajewski & Schneider, 2009; Simmons, Singleton, 
& Horne, 2008). Bull et al (2008) followed children from preschool to predict 
mathematical achievement in the first and third grades of primary school. Their 
results revealed that although working memory and executive function skills were 
predictive of performance in mathematics and reading, visual–spatial short-term 
memory was a specific predictor of mathematics achievement. In accordance with 
these findings, Simmons et al. (2008) found a specific impact of the visual–spatial 
sketchpad on arithmetic development.
 Although the role of visual–spatial capacities is not unambiguous (e.g. Gathercole, 
Alloway, Willis, & Adams, 2006), the ability to form visual representations seems 
highly relevant for the development of mathematical skills. In sum, although the 
development of arithmetic abilities has been described in detail, a comprehensive 
theoretical framework is still lacking. Consequently, a combination of aspects from 
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theoretical accounts has been used by researchers to scrutinize the development of 
mathematical capacities. In particular, Piaget’s focus on sensory–motor experiences 
for cognition and Vygotsky’s emphasis on the environment and the role of language 
have remained influential (Goswami, 2008).
Early numeracy capacities of children with CP 
To review the available knowledge on early numeracy in CP, we systematically 
searched PubMed, Medline, PsychInfo, ERIC, and Scopus for all articles on this 
topic published up to and including 2009. We used the search terms ‘numeracy’ OR 
‘number concept’ OR ‘counting’ OR ‘subitizing’ OR ’arithmetic’ OR ‘mathematic’ OR 
‘computation’ OR ‘calculation AND cerebral palsy’ OR ‘congenital’ OR ‘hemiplegic’. 
We decided to include only studies that were published in international journals 
listed in the Science Citation Index and written in English. After screening the 
abstracts for relevance, eight studies remained that examined the numerical and 
arithmetic abilities of children with congenital brain damage (CP). In comparison, 
a quick search using PsychInfo resulted in more than 250 articles examining the 
mathematical abilities in typically developing children. In what follows, we give a 
narrative summary of the few available studies on early numeracy capacities in 
children with CP. (see Table 1)
 Arp et al. (Arp & Fagard, 2005; Arp, Taranne, & Fagard, 2006) focused on subitizing 
in children with CP. This is the ability to identify the quantity of a certain amount 
of items that are presented in too short a time to make counting possible (Desoete 
et al., 2009). Subitizing was selected because, compared with their peers, children 
with CP were already shown to be delayed in counting (Arp & Fagard, 2001). Arp 
and Fagard (2005) hypothesized that this deficiency may be caused by visuospatial 
dyspraxia, which leads to an inability to point to components of a display. This in 
turn would prevent the children with CP from developing accurate counting skills.
 Subitizing was studied using a cross-sectional design; 6-year-old children with CP 
were found to have a lower subitizing limit, i.e. the maximum number of items 
they could judge correctly was fewer than the comparison children. The age related 
increase in subitizing limits was comparable for both typically developing children 
and those with CP. Based on these results, the authors concluded that children 
with CP do not show a qualitatively different developmental trajectory but that 
this trajectory is merely delayed (Arp et al., 2006). In a related study, Arp and 
Fagard (2005) examined the cause for the compromised subitizing ability in children 
with CP. The results supported the ‘visuospatial deficit’ hypothesis, which holds 
that children with CP are hindered in their perception and memorization of spatial 
patterns.
 Longitudinal data of the performance of children from 7 years of age with CP on 
simple arithmetic computations is available from studies by Jenks et al. (Jenks, de 
Moor, & van Lieshout, 2009; Jenks, van Lieshout, & de Moor, 2009). They compared 
three groups of children in the Netherlands: children with CP in mainstream 
education, children with CP in special education, and a comparison group of typically 
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developing children matched on age and sex. The Dutch educational system is such 
that mainstream and special education exist in parallel. The first measurement wave 
was performed when the children were in first grade (mean age 7y). Before formal 
arithmetic instruction had started, the three groups differed significantly from each 
other in early numeracy skills (those with CP in special education had fewer skills 
than those with CP in mainstream education, who in turn had fewer skills than the 
comparison group) (Jenks et al., 2007) as assessed by the early numeracy skill test 
(Van Luit, Van de Rijt, & Pennings, 1994). Children with CP in mainstream education 
caught up with the comparison children on arithmetic accuracy by the end of second 
grade. However, the scores of children with CP in special education remained 
significantly lower on arithmetic tests. Importantly, the results were similar when 
intelligence was included as a control variable. Moreover, analogous results were 
obtained in a study that included a combined group of 10-year-old children with CP 
and spina bifida who were shown to lag 1.5 years behind their typically developing 
peers on simple arithmetic operations (Jenks, van Lieshout, et al., 2009). 
 Potential factors that could influence arithmetic performance were also 
investigated (Jenks et al., 2007). To that end, arithmetic accuracy was related to 
verbal and non-verbal intelligence, the visuospatial sketchpad, the central executive, 
instruction time at school, and early numeracy abilities such as counting and 
number concept. Interestingly, non-verbal intelligence was found to be a significant 
predictor of arithmetic accuracy, whereas verbal intelligence was not significantly 
related (Jenks, van Lieshout, et al., 2009). Furthermore, the influence of working 
memory was scrutinized more precisely. From the central executive components, 
shifting (the ability to switch between tasks) and updating (the ability to keep 
information in mind) were related to mathematical competence (Jenks, de Moor, et 
al., 2009). Thus, similar processes as in typically developing children form the basis 
for arithmetic difficulties in children with CP (Jenks et al., 2007).
 To gain more insight into the relation between manual skills (deficits in hand 
function; left or right hand affected) and neuropsychological functioning, Dellatolas 
et al. (2005) investigated children with spastic CP using an extended battery of tests. 
No relation was found between the general cognitive measure intelligence and 
hand skills. However, left-hand impairment correlated positively with arithmetical 
computation skills, whereas the degree of right-hand performance correlated 
positively with phonological abilities. Comparable results were also reported by 
Kiessling et al. (1983), who demonstrated that deprived left-hand function was 
significantly correlated with low mathematics achievement scores. Those authors 
argue that visuospatial abilities, commonly paired with right-hemisphere function, 
are necessary for ‘a true mathematical sense’.
 To summarize, existing studies show that children with CP are regularly delayed in 
counting, subitizing, and simple arithmetic operations compared with their typically 
developing peers. In addition, the longitudinal study of Jenks et al. showed that, 
children with CP in special education, particularly, lagged behind. However, our 
literature search showed a dearth of studies on this topic compared with typically 
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Study Arithmetic 
construct
N (control*) M age in 
years
Type of CP Results
Arp & Fagard 
(2005)
Subitizing 44 (22) 5;11 & 8;0 
(5;9 & 8:0)
3 hemiplegia, 19 diplegia, 1 
triplegia, 21 tetraplegia
Concerning subitizing children witch 
CP could be divided in an efficient 
(similar to controls) and nonefficient 
(significantly lower) group.
Arp, Taranne & 
Fagard (2006)
Counting & 
subitizing
29 (29**) 6;6 3 spastic hemiplegia (right), 
9 spastic diplegia, 16 spastic 
tetraplegia, 1 athetosic 
dystonia
Children with CP had a lower subitizing 
limit.
Dellatolas, Filho, 
Souza, Nunes, & 
Braga (2005)
Figure 
reproduction, 
embedded 
figures, 
counting dots 
and counting 
backwards, 
30 (60) 7;6 19 hemiplegia (9 left, 
10 right), 10 diplegia, 1 
triplegia.
Correlation between left-hand 
impairment and poor arithmetic 
computation skills
Jenks, De Moor, 
Van Lieshout, 
Maathuis, Keus & 
Gorter (2007)
Addition and 
subtraction 
57 (16) 7;0 The CP-special group:  10 
hemiplegia (4 right, 6 left), 
29 diplegia, 2 ataxic. The 
CP-mainstream group: 12 
hemiplegia (8 right, 4 left), 
3 diplegia, 1 ataxic.
Prior to schooling, CP children scored 
lower on early numeracy compared 
to controls. End of 1st grade, CP 
mainstream scored as highly as 
controls. CP special group lagged 
behind.
Jenks, De Moor 
& Van Lieshout 
(2009)
Addition and 
subtraction 
57 (16) 7;0 Special: 10 spastic 
hemiplegia (5 right, 5 left), 
29 spastic diplegia, 2 ataxic. 
Mainstream: 12 spastic 
hemiplegia (7 right, 5 left), 
3 spastic diplegia, 1 ataxic.
At the end of 2nd grade the CP group 
in special education was considerably 
slower, probably because they did not 
have arithmetic fact knowledge.
Jenks, Van 
Lieshout & De 
Moor (2009)
Addition and 
subtraction 
57 (16) 7;0 Special: 10 spastic 
hemiplegia (5 right, 5 left), 
29 spastic dipelgia, 2 ataxic. 
Mainstream: 12 spastic 
hemiplegia (7 right, 5 left), 
3 spastic diplegia, 1 ataxic.
No significant differences between CP 
mainstream and control children. CP 
special group had not caught up by 
end of 3rd grade and showed deficits 
in executive functioning and working 
memory.
Jenks, Van 
Lieshout, & De 
Moor (2009)
Arithmetic 
performance 
and number fact 
speed 
22 (44) 
(15 with CP)
10;8 4 hemiplegia, 11 diplegia. The central nervous system disorder 
group was on average 1.5 years behind 
on arithmetic achievement.
Kiessling, Denckla 
& Carlton (1983)
Arithmetic 
problem solving 
16 (13***) range 7-14 16 hemiplegia  
(8 right, 8 left)
Correlation between left-hand 
impairment and math scores.
Table 1. 
Schematic overview of the studies on early numeracy capacities in children with cerebral 
palsy
* All controls were matched on age unless otherwise described.
** Control children were not matched.
** Controls were nearest age siblings.
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developing children. Consequently, no general conclusions can be drawn about the 
antecedents and developmental trajectories of arithmetic abilities in these children. 
More specifically, the early numeracy capacities of children with CP have not been 
investigated longitudinally. This is particularly remarkable because mathematics 
develops in a hierarchical manner and early arithmetic abilities have been shown to 
be an important requirement for later development (Butterworth, 2005).
Future directions 
Arithmetic competencies are essential for most activities of daily living and school 
achievement. Research so far has overlooked the importance of the early numeracy 
capacities of children with CP. However, the high prevalence of arithmetic learning 
problems (26%) in children with hemiplegic CP (Frampton et al., 1998) warrants 
study and intervention into this process.
 In accordance with Goswami (2003) and Karmiloff-Smith (1998), we propose that 
research on early numeracy and CP should aim to follow the following premises. 
First, starting at an early age, children diagnosed with CP should be followed 
longitudinally. Early numerical abilities have been found to be predictive of 
achievements at school age for typically developing children. In addition, if only 
the end result is studied in older children, much relevant process information might 
be missed. Jenks et al. (Jenks, de Moor, et al., 2009) have already conducted a 
longitudinal study on the development of arithmetic skills in older children with CP. 
However, longitudinal data on the early mathematics development of children with 
CP is still lacking.
 In addition, attempts should be made to separate behavioural processes from 
underlying cognitive processes. It is a well-known fact that similar behavioural 
outcomes may result from different neuropsychological processes. To be able to 
evaluate numeracy development in children with CP, comparison groups should 
be included in the research design that are matched on cognitive processes 
(mathematical level) and not just on behavioural scores (chronological level). 
 Moreover, studies should be conducted to examine the role of environmental 
factors such as the home situation and schooling, which have been found to be 
influential in arithmetic development (Butterworth, 2005). There is an urgent need 
for multifactor studies explaining individual differences in numeracy development 
of children with CP in terms of characteristics of the child, the family the child 
belongs to, and the institutional care the child has gone through. 
 Additionally, in future research, motor and cognitive capacities should be 
scrutinized in more detail. Only Jenks et al. (Jenks, van Lieshout, et al., 2009) 
differentiated between children with unilateral and bilateral spastic CP, and they 
did not find any differences in arithmetic accuracy. Thus, the influence of types 
and localization of CP and arithmetic functioning is far from clear. Moreover, more 
practical aspects like the role of hand dominance on finger counting strategies 
have not been explicitly addressed. Finally, intelligence is almost always used as 
an inclusion criterion when children with CP are participating. Still, the relevance 
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of non-verbal intelligence for arithmetic development warrants more thorough 
research.
 Unfortunately, the available studies on the mathematical development of 
children with CP do not provide enough information to offer a conclusive solution 
for the content of intervention programmes. Taking into account the knowledge 
of typically developing children, the results so far emphasize the influence of 
early capacities, like counting and subitizing, as well as domain-general cognitive 
factors, in particular working memory (Kroesbergen, Van de Rijt, & Van Luit, 2007). 
Moreover, a meta-analysis on the effect of mathematics interventions in special 
education concluded that teaching basic skills, like addition and subtraction, was 
most effective (Kroesbergen & Van Luit, 2003).
 An important question is to what extent the numeracy development of children 
with CP can be enhanced by following an embodied perspective in the intervention. 
Kaufman (2008) has argued that finger use could function as a complementary tool 
in ascertaining mental number representations and to assist learning to count and 
calculate. This is supported by the strong correlation found between the spontaneous 
use of finger-counting strategies and accuracy in number combinations by children 
in kindergarten (Jordan et al., 2008). Arithmetic procedures should be practised 
until they can be executed automatically by children with mathematical difficulties. 
After they have received these instructions, they have more attentional and 
working memory resources available for the more specific features of mathematics 
problems (Aunola et al., 2004). It can thus be argued that teaching mathematics 
should be grounded on embodiment-based reasoning (action is learning), to support 
children’s construction and understanding of mathematics (Arzarello, Robutti, & 
Bazzini, 2005).
Final perspective 
Comprehensive accounts have been written on the development of arithmetic 
abilities from infancy (e.g. Geary, 1994). However, a description of the underlying 
factors and a theoretical framework are still lacking. The embodied cognition 
account offers a promising perspective to investigate the influence of perceptual 
and motor experiences on cognitive development. As described previously, finger-
use while counting could function as a visual representational system and gesturing 
could be used to offload cognition, i.e. decreasing the working memory load. 
Importantly, research on the early numeracy capacities of children with CP could 
not only enhance our understanding of developmental trajectories of arithmetic in 
children with CP specifically, but also increase our knowledge on the development 
of arithmetic abilities of children in general.
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Early numeracy is an important precursor for arithmetic 
performance, academic proficiency, and work success. 
Besides their apparent motor difficulties, children with 
Cerebral Palsy (CP) often show additional cognitive 
disturbances. In this study, we examine whether working 
memory, non-verbal intelligence, linguistic skills, counting 
and fine motor skills are positively related to the early 
numeracy performance of six-year-old children with CP. 56 
children (M = 6.0, SD = .61; 37 boys) from Dutch special 
education schools participated in this cross-sectional 
study. Of the total group 81% of the children have the 
spastic type of CP (33% unilateral and 66% bilateral), 9% 
are diagnosed with diskinetic CP, 8% are diagnosed with 
spastic and diskinetic type of CP and 2% are diagnosed with 
a combination of diskinetic and atactic CP. The children 
completed standardized tests assessing early numeracy 
performance, working memory, non-verbal intelligence, 
sentence understanding and fine motor skills. In addition, 
an experimental task was administered to examine their 
basic counting performance. Structural equation modeling 
showed that working memory and fine motor skills were 
significantly related to the early numeracy performance 
of the children (β = .79, p < .001, β = .41, p < .001, 
respectively). Furthermore, counting was a mediating 
variable between working memory and early numeracy 
(β = .57, p < .001). Together, these findings highlight 
the importance of working memory for early numeracy 
performance in children with CP and they warrant further 
research into the efficacy of intervention programs aimed 
at working memory training. 
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Cerebral Palsy (CP) is predominantly associated with disorders in motor performance, 
but it is increasingly acknowledged that children with CP also display disturbances 
in sensation, behaviour, communication and cognition (Rosenbaum et al., 2007). 
Additionally, among all types of CP there is a high prevalence (44%) of learning 
problems (Himmelmann, Beckung, Hagberg, & Uvebrant, 2006; Østensjø, Carlberg, 
& Vøllestad, 2003; Schenker, Coster, & Parush, 2005). More specifically, it was found 
that the prevalence of arithmetic learning difficulties (28%) is larger compared to 
language problems (17%) (Frampton, Yude, & Goodman, 1998).
 Numeracy and arithmetic skills not only play a fundamental role in daily life 
activities, for instance when the groceries have to be paid (Butterworth, 2005), but 
they are also conditional for later academic, and work success (Chiswick, Lee, & 
Miller, 2003). Previous research not only showed that children with CP are regularly 
delayed in the acquisition of counting, subitizing and simple arithmetic operations 
(van Rooijen, Verhoeven, & Steenbergen, 2011b), but also described the cognitive 
and motor factors that affect performance on addition and subtraction tasks (e.g. 
Jenks, de Moor, & van Lieshout, 2009; van Rooijen, Verhoeven, Smits, et al., 2011). 
Still, research has largely neglected early numeracy performance in these children 
(van Rooijen, Verhoeven, et al., 2011b). We decided to focus specifically on early 
numeracy performance, because more advanced arithmetic problems build on 
fundamental capacities like counting and equating quantities in a hierarchical 
manner (Butterworth, 2005) and numeracy had been found to be an unique 
predictor of school readiness (Fuchs et al., 2010). 
 Generally, children with CP are delayed in cognitive functioning compared to their 
peers (Straub & Obrzut, 2009). CP is attributed to a non-progressive injury to the 
developing brain (Rosenbaum, Paneth, Leviton, Goldstein, & Bax, 2007). It is not 
yet known whether these brain injuries cause children to lag behind their peers or 
that is leads to a deviant trajectory for developing arithmetic skills. Considering 
the lack of studies on numeracy development in children with CP (van Rooijen, 
Verhoeven, & Steenbergen, 2011a), we included research about typically developing 
children on numeracy performance for reference and to develop hypotheses. 
If the same factors are predictive of numeracy performance in children with CP as 
in typically developing children, this would be an indication that they follow the 
same, but delayed, trajectory in the development of numeracy performance. 
 Previous research on early numeracy performance in typically developing children 
showed that it is affected by both domain-general abilities, such as working memory 
and non-verbal intelligence (e.g. Lee et al., 2012), and domain-specific abilities, 
such as counting and subitizing (Kroesbergen, Van Luit, Van Lieshout, Van 
Loosbroek, & Van de Rijt, 2009; Moeller, Pixner, Zuber, Kaufmann, & Nuerk, 2011). 
Likewise, manual dexterity and linguistic skills were shown to affect numeracy and 
arithmetic as well (Goldin-Meadow, Cook, & Mitchell, 2009; Kleemans, Segers, 
Verhoeven, 2011). As far as we know, previous studies have not yet 
investigated whether the same cognitive and motor factors also influence 
early numeracy performance of children with CP. Based on research on arithmetic 
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performance in children with CP, we will discuss these factors in the following 
paragraphs in more detail. 
  Working memory is associated with learning to count and to solve addition tasks 
(Noel, 2009), and was also shown to predict early mathematical achievement of 
typically developing children (De Smedt et al., 2009). In addition, working memory, 
as measured by executive functioning, could explain group differences in children 
with CP in basic calculations (Jenks et al., 2009). Furthermore, the visual-spatial 
sketchpath and central executive were postively related to counting, which in turn 
was a prominent predictor of arithmetic accuracy in primary school children with 
CP. Intelligence significantly contributed to the prediction of arithmetical reasoning 
in typically developing children in first and second grade. In addition, in primary 
school children with CP non-verbal intelligence was positively related to the ability 
to solve addition and subtraction problems (Jenks et al., 2007).
 In order to solve more advanced arithmetic tasks children have to link number 
words with their meaning (Butterworth, 2005). Early literacy skill domains, such as 
vocabulary and phonological awareness, were predictive of the general numeracy 
knowledge in four year old children (Purpura, Hume, Sims, & Lonigan, 2011). In a 
recent study, we showed that word knowledge and arithmetic performance were 
positively related in children with CP (van Rooijen, Verhoeven, Smits, et al., 2011). 
 Furthermore, Kroesbergen and colleagues (2009) concluded that a significant part 
of the variance in counting skills in typically developing children could be explained 
by subitizing. Subitizing is the ability to identify a quantity of a certain amount of 
items that are presented too briefly to make counting possible. Arp and colleagues 
(Arp & Fagard, 2005) found that only 15% of the children with CP in the 4-6 years 
age group were efficient in subitizing. Given this result, we decided to use a less 
complex task to examine whether basic counting skills are related to the early 
numeracy performance in children with CP. In this task children were allowed more 
time to view the items. 
 Next to cognitive factors, fine motor skills were shown to contribute substantially 
to academic achievement at kindergarten entry (Cameron et al., 2012). Fingers can 
be used as a learning tool for counting (Bender & Beller, 2012), and for developing 
a mental number line (Wood & Fischer, 2008). It is evident that children with 
cerebral palsy are compromised with respect to manual dexterity, which may in 
turn negatively affect their numerical development. 
 To summarize, previous research has delineated several important factors that 
contribute to early numeracy performance in typically developing children, and 
which were found to be related to arithmetic skills of children with CP. In the present 
study, we will explore whether working memory, non-verbal intelligence, linguistic 
skills, counting and fine motor skills are positively related to the early numeracy 
performance of six-year-old children with CP. Structural equation modeling (SEM) 
will be used which will allow us not only to investigate the direct relations, but 
also to create latent variables and to examine possible mediation effects. Based 
on the results in typically developing children we expect working memory to be a 
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dominant predictor of early numeracy performance. Moreover, we hypothesize that 
counting as basic numeracy skill is positively related to early numeracy. 
METHOD
Participants
56 children participated in the present study (37 boys and 19 girls). The mean age 
was 6.0 (SD = .61). 42 children (81%) had the spastic type of CP (33% unilateral and 
66% bilateral), 5 children (9%) were diagnosed with diskinetic CP, 4 children (8%) 
were diagnosed with spastic and diskinetic type of CP and one child (2%) was 
diagnosed with a combination of diskinetic and atactic CP1. 10 children (21%) were 
classified in level 1 of the Gross Motor Function Classification Scale (GMFCS) 
(Palisano et al., 2000), 17 children level 2 (35%), 6 children (12%) level 3, 8 children 
(17%) level 4, and 7 children level 5 (15%)1. The parents of the children provided 
written informed consent for the participation of their child. 
 All schools for primary special education, specialized for children with motor 
disabilities, in the Netherlands were asked to participate. Children were included 
based on a formal diagnosis of CP (Rosenbaum et al., 2007) and a date of birth 
between August 2004 and February 2006. All children were tested individually in a 
quiet room at their school during the spring of 2011. Some data is missing because 
children were not able to perform the task (see Table 1).
Instruments
Early numeracy performance. The Early Numeracy Test – Revised (ENT-R) is a 
standardized Dutch test to assess early numeracy performance of children between 
4 and 9 years of age (Van Luit, Van de Rijt, & Pennings, 1994). The ENT-R consists of 
two parts. The first part is dedicated to Piagetian concepts. Sub tests aim to measure 
concepts of comparison, classification, one-to-one correspondence, and seriation. 
The second part focuses on counting skills, that is, sub tasks assess the use of counting 
words, structured counting, resultative counting, general understanding of numbers 
and estimation. In the estimation task children had to locate a given number (e.g. 2) 
on a horizontal line where both ends were labelled (e.g. 1-10). The test consists of 45 
items. If an item is answered correctly the child receives one point. The total score of 
all items represents the early numeracy performance. 
 Working memory. The verbal working memory of the children was assessed with 
the word recall subtest of the Dutch version of the Automated Working Memory 
Assessment ((AWMA); Alloway, 2007). Children were asked to repeat a sequence 
of words that they heard. The first sequence consisted of 2 words and the number 
of words was increased by one. If more than 2 sequences of the same length were 
repeated incorrectly, the test was terminated. The total amount of correctly repeated 
sequences was used as indication of word recall performance. 
1  The schools were not able to provide information on the type of CP for 4 children and 
GMFCS level classifications of 8 children.
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The Corsi block tapping task was administered to measure the visual-spatial working 
memory span (Corsi, 1972). 9 small blocks are mounted on a horizontal board and 
the child was asked to repeat the sequence of blocks tapped by the experimenter. 
The sequences of tapping were based on a validation study of Kessels and colleagues 
(2000). The sequence of the blocks increased in difficulty by one and the task was 
ended when 2 sequences of the same length were repeated incorrectly. We used the 
total amount of correctly tapped sequences to create a total score.
 Updating capacities were assessed with the backwards digit recall of the AMWA 
(Alloway, 2007). A sequence of digits was presented and the child was asked to repeat 
the digits in a backward order. The task started with a sequence of two digits which 
increased in difficulty by one. The task was terminated when the child repeated two 
items of a sequence incorrectly. The total number of correctly repeated items was 
included in the analyses. 
 Non-verbal intelligence. The Raven Coloured Progressive Matrices was used to assess 
the non-verbal intelligence (Raven, 1965). Every item consists of a visual design in which 
a piece is missing. The child must choose a piece from 6 possible pieces to complete the 
design. The total score consists of the amount of items (0–36) answered correctly. 
 Sentence understanding. The sentence understanding task of the standardized Dutch 
Language Proficiency Test for children was administered to assess the knowledge of 
function words (Verhoeven & Vermeer, 2001). Three pictures were presented to the 
child upon which s/he had to decide which picture best matched the sentence they 
heard. For instance, pictures of a cat sitting in front of, behind, or in a basket were 
shown and the question was ‘Which cat sits in the basket?’ The test consists of 42 
items and the total amount of correctly answered items was used in the analyses. 
 Counting. A dot counting task was developed to measure counting using the 
Presentation software (Version 0.70, www.neurobs.com). Different numbers of dots 
were presented in a random or canonical order on a laptop computer screen. The 
number of dots varied from one to six. Each number was presented 10 times, yielding 
a total of 60 items. The dots were visible until the child gave a verbal response. The 
percentage of correctly answered items was used in the statistical analyses. 
 Fine motor skills. The Box & Block task is an instrument to assess gross dexterity 
(Mathiowetz, 1985). The task is made up of a box which is divided by a partition in two 
equal sides. The children were asked to shift as many blocks as possible to the other 
side of the box within one minute time. The children performed the task with both 
hands separately and the combined score was used in the analyses. 
Statistical analyses
First, confirmatory factor analysis on the ENT-R were conducted to validate the 
numeracy construct for children with CP. Second, path analyses to test the relations 
between the investigated factors and early numeracy performance were performed. 
The results of the Corsi Block tapping task, verbal recall task and backward digit recall 
were combined to create a latent working memory factor. All structural equation 
models were tested using AMOS 20 (Arbuckle, 2012). 
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The fit indices χ2, Root Mean Square Error of Approximation (RMSEA), Comparative 
Fit Index (CFI) and Tucker Lewis coefficient (TLI) were used to evaluate the fit of the 
models. The chi-square index is a ‘‘badness-of-fit’’ index and should be non-significant 
(p > .05). A RMSEA value smaller than .08 and CFI and TLI values higher than .90 indicate 
a sufficiently good fit. To compare the different models, the difference in chi-square 
can be evaluated for nested models. If the model becomes more parsimonious, the 
change in chi-square should be non-significant. In addition, the Akaike Information 
Criterion (AIC) is a comparative fit index to contrast the fit of all type of models. The 
lower the value of this statistic, the better the fit of the model (Kline, 2005).
RESULTS
Descriptive statistics
All variables were positively related to each other (Table 2). Only the correlation 
between verbal working memory and visual-spatial working memory and verbal 
Table 1. 
Descriptive statistics of the included variables
N Mean (SD) Minimum Maximum
Early numeracy 52 16.8 (8.4) 2 39
Non-verbal intelligence 50 14.2 (4.3) 3 28
Verbal working memory 46 15.9 (5.5) 3 29
Visual-spatial working memory 51 3.1 (1.9) 0 10
Updating 45 2.6 (3.7) 0 18
Sentence understanding 51 29.1 (6.8) 12 41
Fine motor skills 55 27.2(17.5) 0 75
Counting (percentage correct) 42 79.9 %(14.0) 53 100
Early 
numeracy 
Verbal 
WM
Visual-
spatial WM
Updating Non-verbal 
intelligence
Sentence 
understanding
Counting 
Verbal WM .40**
Visual-spatial WM .45** .23
Updating .63** .39** .43**
Non-verbal intelligence .59** .31* .38** .52**
Sentence understanding .62** .49** .42** .48** .65**
Counting .74** .32* .44** .55** .43** .42**
Fine motor skills .69** .14 .36* .35** .38** .45** .44**
Table 2.
Correlations between the observed variables
Note. * p < .05, ** p < .01. Missing values were excluded pairwise.
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working-memory and fine motor skills were not significant. Early numeracy 
performance and counting in particular correlated highly (r = .74, p < .001).
Main analyses
In the first model, working memory, non-verbal intelligence, sentence understanding, 
counting and fine motor skills were included as precursors of early numeracy 
performance (Figure 1). The fit indices of the first model indicated that the model 
fitted the data well (χ2 = 7.76, p > .05). The comparative fit indices also indicated 
that the model fitted the data well (TLI = 1.00, CFI = 1.00). Finally, the RMSEA 
value also indicated a good fit (RMSEA = .00). In the next step of the analyses, 
the non-significant relations were removed from the model, if this did not lead 
to a significant increase of the chi-square index (see Table 3 for the fit indices of 
the tested models). Respectively, sentence understanding (model 2), non-verbal 
intelligence (model 3) and counting (model 4) were removed. Only working memory 
and fine motor skills were significant factors in this model (Figure 2A). Specifically, 
the latent factor working memory related strongest to early numeracy performance 
in the children (β = .73, p < .001). However, fine motor skills were also positively and 
significantly related to early numeracy (β = .28, p = .01).
 Based on the theory as well as the substantial correlation between counting 
and early numeracy, counting was added as mediating variable between working 
memory and early numeracy performance (Figure 2B). The fit indices indicated 
that the model still fitted the data sufficiently. The χ2 had a non-significant value 
(χ2 = 11.60, p > .05). The comparative fit indices were sufficient (TLI = .89, CFI = 
Figure 1.
Theoretical model displaying possible precursors of early numeracy performance.
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Figure 2A.
Working memory and fine motor skills are significantly related to early numeracy performance. 
The numbers above or next to the arrows are standardized regression coefficients. The 
numbers above the variables represent the explained variance by the model. 
Figure 2B. 
Final model: Counting as mediating variable between working memory and early numeracy 
performance. The numbers above or next to the arrows are standardized regression 
coefficients. The numbers above the variables represent the explained variance by the model. 
42
.96). Moreover, the AIC index had the lowest value (AIC = 45.59). However, the 
RMSEA was above the preferred value of .08 (RMSEA = .09). In this model, 70% of 
the variance in early numeracy performance was explained by the predictors in 
the model. Fine motor skills still were still positively related to the early numeracy 
performance in six year old children with CP (β = .41, p < .001). This implies that the 
better children perform on manual dexterity task, the higher they will score on the 
early numeracy task. Moreover, working memory was positively and significantly 
related to counting (β = .79, p < .001). Counting, on the other hand, was significantly 
related to early numeracy performance (β = .57, p < .001). Thus, high performance 
on the working memory measures is related to high performance on counting which 
in turn is positively associated with early numeracy performance.
DISCUSSION
To our knowledge, the present study was the first to integrate various factors which 
were previously shown to affect early numeracy in typically developing children, 
and applied this to children with CP. We examined whether working memory, non-
verbal intelligence, linguistic skills, counting and fine motor skills were related to 
early numeracy of 6-year-old children. Working memory and fine motor skills were 
positively and significantly related to early numeracy performance in these children. 
In addition, basic counting skills were a mediating variable between working memory 
and early numeracy performance. In the following paragraphs, we will discuss our 
findings in the light of previous studies on the cognitive performance of children 
with CP. If comparison with existing studies is not possible we will refer to research 
on typically developing children. 
 The eminent role of working memory on early numeracy performance corresponds 
to the outcomes of earlier studies on the relation between working memory and 
arithmetic performance in children with CP (Jenks et al., 2007). Children with CP 
have repeatedly shown to have difficulties in working memory (Bottcher, Flachs, 
Table 3.
Fit indices for the various models
Note. Δχ2 = difference in chi-square compared to the previous model;  TLI = Tucker-Lewis 
Index; CFI = Comparative fit index; RMSEA = Root mean square error of approximation; AIC = 
Akaike information criterion. 
Models χ2 df Δχ2 p TLI CFI RMSEA AIC
Model 1: Theoretical model 7.76 10 1.00 1.00 .00 75.76
Model 2: Sentence understanding removed 8.11 11 .34 .56 1.00 1.00 .00 74.11
Model 3: Non-verbal intelligence removed 8.16 12 .05 .82 1.00 1.00 .00 72.16
Model 4: Counting removed 9.94 13 1.79 .54 1.00 1.00 .00 71.94
Model 5: Counting as mediator 11.60 8 .89 .96 .09 49.59
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& Uldall, 2010). Toll and colleagues (2013) found that remedial education could 
accelerate the numeracy performance of children with limited working memory 
skills. Consequently, children with CP might benefit from this type of intervention. 
Our finding of the positive relation between fine motor skills and early numeracy 
performance is fully commensurate with a previous study, in which we found that 
fine motor skills were related to the ability to solve addition and subtraction tasks 
in primary school children with CP (van Rooijen, Verhoeven, Smits, et al., 2011). 
In typically developing children, gesturing was shown to help children to count 
correctly by keeping track and coordinating the counted items and their verbal 
representations (Alibali & DiRusso, 1999). Finally, our results showed that counting 
mediated the relation between working memory and early numeracy, which 
supports the hierarchical development of arithmetic (Butterworth, 2005). This is 
further corroborated by the finding that counting was not a significant predictor of 
early numeracy by itself, but it mediated the relation between working memory and 
early numeracy performance. 
 In our study, non-verbal intelligence was not statistically significant related to 
early numeracy performance of children with CP, which is in contrast with previous 
research on arithmetic performance of children with CP (Jenks et al., 2007). A 
possible explanation for the non-significant relation between non-verbal intelligence 
and early numeracy could be the differences in assessment and construction of 
non-verbal intelligence and working memory. Working memory was constructed as 
a latent factor consisting of verbal, visual-spatial and updating skills and was as such 
measured more comprehensively than non-verbal intelligence, which was assessed 
with the Raven. Moreover, working memory and intelligence are theoretically closely 
related because they both entail executive attention (Engle, 2002). Consequently, 
working memory could have suppressed the influence of non-verbal intelligence on 
numeracy performance in the current model.
 The non-significant relation of linguistic skills with early numeracy performance 
also contradicts with previous studies in typically developing children (Purpura et 
al., 2011). This could be explained by the relative small sample size for this type of 
analyses (Kline, 2005). An alternative explanation, is that children with CP show a 
delay in linguistic skills, such as word decoding, compared to typically developing 
children (Peeters, Verhoeven, de Moor, & van Balkom, 2009). However, they may 
have the language skills required in order to perform the currently used early 
numeracy task. As a results, other factors might be stronger related to numeracy 
performance compared to linguistic skills. 
 Fine motor skills and early numeracy skills were significantly related, but the 
results should be interpreted with caution considering that all variables were 
measured at the same time. Children with CP who have more severe motor 
difficulties also have more cognitive problems (Smits et al., 2011). It may well be 
that the manual restrictions of these children prevent them from obtaining relevant 
learning opportunities (Campos et al., 2000). Therefore, this interrelation between 
cognitive and motor activities warrants further study.
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An important theoretical issue to be considered is whether children with CP are 
impaired or delayed in the development of numeracy performance. Children with 
CP often show additional cognitive impairments, which could result in different 
developmental trajectories compared to their peers. Jenks and colleagues (2007) 
propose that early brain impairments influence cognitive factors such as intelligence 
and working memory which in turn influence arithmetic accuracy. Based on our cross-
sectional study, we cannot draw definite conclusions on the impaired versus delayed 
development issue, but our data pattern suggests that children with CP follow a 
similar developmental trajectory as typically developing children. Future research 
is warranted on this issue as it informs the feasibility and content of remediation 
programs for these children. That is, if they merely lag behind their peers, training 
of basic numeracy skills is a promising, and feasible course of action. However, if the 
accompanying cognitive disturbances lead to a different developmental trajectory of 
numeracy performance, remediation programs developed for typically developing 
children might be less effective. 
 Children with CP generally lag behind their peers in the development of numeracy 
and arithmetic (van Rooijen, Verhoeven, et al., 2011b). The difficulty that children 
with CP encounter with subitizing has been attributed to impairments in visual spatial 
skills which defers their perception and memorization of spatial shapes (Arp & Fagard, 
2005). More recently, visual disabilities, and especially cerebral visual impairment 
(CVI), have been regarded as a core symptom of cerebral palsy. Around 60 to 70 percent 
of the people with CP are estimated to have some form of CVI, presumably because 
the same cerebral networks are involved (Fazzi et al., 2012). Possible compromised 
visual functioning was not explicitly tested in the present study. However, as this may 
indirectly affect cognitive development, and has a direct impact on the performance of 
cognitive measures and scholastic performance, future studies are advised to include 
this into the assessment. Furthermore, a limitation of the present study is the lack 
of information on the aetiology of the diagnosis of the participants and the relation 
with neuropsychological functioning. The increasing use of neuroimaging data could 
provide us with a more detailed understanding of the aetiology and pathogenesis 
of the disorder (Korzeniewski, Birbeck, DeLano, Potchen, & Paneth, 2008). That is, 
abnormalities in neuroanatomical findings have been reported in approximately 80 to 
90% of the children with CP. By the same token, the effects of type of CP, gross motor 
functioning and affected body side are factors that warrant more detailed study in 
order to develop tailored intervention programs. 
 Taken together, our findings highlight the importance of working memory for the 
early numeracy performance of children with CP. Including several cognitive factors 
related to early numeracy performance of typically developing children, working 
memory was by far the most determining factor. Interestingly, fine motor skills were 
also influential. Although cognitive and motor development is obviously interrelated 
in children with CP, manual dexterity could still explain a part of the variance in early 
numeracy performance. Finally, basic numeracy skill, such as counting, might function 
as a prerequisite for the development of more complex numeracy performance. 
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Children with cerebral palsy (CP) are generally delayed 
in arithmetic compared to their peers. The development 
of early numeracy performance in children with CP is not 
yet evident, nor have the factors associated with change 
over time been identified. Therefore, we examined the 
development of numeracy in children with CP over a two 
year period and studied which cognitive and motor factors 
were predictive of arithmetic. A longitudinal study with 
three measurement waves separated by one year was 
conducted. 56 children participated (37 boys, M = 6.0 years, 
SD = .58). Standardized tasks were used to assess verbal- and 
visual-spatial working memory, executive functioning, fine 
motor skills and early numeracy. In addition, experimental 
tasks were developed to measure counting and arithmetic. 
Conclusion: Using structural equation modelling, the 
results showed that early numeracy performance of 
children with CP increased between 6 and 8 years of age 
and was strongly related to arithmetic at the consecutive 
year. Furthermore, working memory and fine motor skills 
were precursors of the development of early numeracy. 
Considering the importance of numeracy and arithmetic in 
daily life and in academic and work success, children with 
CP could substantially benefit from intervention programs 
aimed at increasing working memory and numeracy. 
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Participation in age-appropriate activities contributes to a healthy social, emotional, 
and physical development for all children. Especially for children with disabilities, 
participation has been described as a core developmental feature (WHO, 2007). 
Children with neurodevelopmental disabilities are as a group at risk to develop 
participation difficulties (Mâsse, Miller, Shen, Schiariti, & Roxborough, 2013). 
Cerebral palsy (CP) is the most frequent cause for physical difficulties among 
children (Cans, 2000). The main characteristic of the diagnosis of CP is an atypical 
development of movement and posture that leads to activity limitations which 
is attributed to a non-progressive injury to the foetal or infant brain. Commonly, 
the motor difficulties are accompanied by additional disturbances of perception, 
sensation, communication, behaviour and cognition (Rosenbaum, Paneth, Leviton, 
Goldstein, & Bax, 2007). Liptak and Accordo (2004) reported that it is estimated that 
75% of the children with CP are slow learners or have disorders of higher cortical 
functioning. Among children with CP who follow mainstream education, around 
half of the children (46%) were found to have a specific learning difficulty (Schenker, 
Coster, & Parush, 2005). Previous research showed that this group of children are 
more likely to encounter difficulties in learning mathematics compared to reading 
(Frampton, Yude, & Goodman, 1998).  
 Arithmetic performance is assumed to develop in a hierarchical manner. Although 
there is still an ongoing debate on the role of the approximate number system in 
developing adequate numerical representations (Butterworth, 2010), the more 
fundamental idea of basic skills, such as counting and comparing quantities, that 
influence the later development of more complex abilities, such as multiplication 
and divisions, still holds (Butterworth, 2005). Hence, the capability to comprehend 
and process numerical magnitudes is suggested to play a fundamental role in 
the development of arithmetic (e.g. Brankaer, Ghesquière, & De Smedt, 2013; 
Butterworth, 2011). For instance, using a longitudinal design the early numeracy 
skills, especially counting, have been found to function well as a discriminator for 
later mathematics attainment (Aubrey & Godfrey, 2003).  In addition, numeracy 
skills in kindergarten were more predictive of arithmetic performance in first grade 
than demographic characteristics (Aunio & Niemivirta, 2010).  
 At present, there is no consensus on the developmental trajectories of cognitive 
skills of children with CP. Previous studies have shown that intelligence scores 
of this group of children decline during primary school (e.g. Gonzalez-Monge et 
al., 2009; Levine, Kraus, Alexander, Suriyakham, & Huttenlocher, 2005). However, 
others have reported opposite results in showing an improvement in non-verbal 
intelligence performance of children with CP over a two year period. Smits and 
colleagues (2011) found that the raw scores of two age cohorts (i.e. 5-7 and 7-9 
years of age) on the Raven non coloured progressive matrices increased. However, 
there was no statistical significant change in quotient scores. Regarding arithmetic 
performance, Jenks and colleagues (Jenks, de Moor, & van Lieshout, 2009), using 
a longitudinal design, showed that the ability of a group of children with CP to 
solve simple addition and subtraction tasks ameliorated between 1st and 3rd grade. 
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However, the developmental trajectory of early numeracy performance of children 
with CP has not been studied yet. Due to the eminent role of early numeracy 
knowledge for arithmetic performance, we will examine the development of early 
numeracy performance of children with CP from 6 till 8 years of age. 
 Solving an addition and subtraction task often relies on keeping in mind, that is, 
in working memory the results of operations that have already been performed 
and need to be used in subsequent calculations. Working memory capacities were 
repeatedly shown to influence the arithmetic performance of primary school 
children (see Raghubar, Barnes, & Hecht, 2010 for a review). Moreover, visual 
short term and working memory measured at kindergarten were predictive of 
mathematical achievement at 7 years of age (Bull, Espy, & Wiebe, 2008). Recent 
brain imaging data has also shown an association between working memory and 
numerical processing (Gullick, Sprute, & Temple, 2011). 
 For children with cerebral palsy, working memory appears to play a similar 
fundamental role in mathematical performance (e.g. Jenks et al., 2009). 
Administering a broad range of working memory tasks, it was found that especially 
updating was strongly related to a standardized mathematical achievement test 
for children with CP in primary education (Jenks, van Lieshout, & de Moor, 2012). 
In a previous cross-sectional study, we found that working memory as a construct 
consisting of verbal, visual-spatial and updating task was by far the strongest 
associated with early numeracy performance of children with CP compared to 
other cognitive factors such as non-verbal intelligence and language  (Van Rooijen, 
Verhoeven, & Steenbergen, submitted).  
 Recent studies found that not only domain-general capabilities, like working 
memory, but also domain-specific abilities, such as counting, can be considered 
important for arithmetic achievement of typically developing children at primary 
school. For instance, working memory and counting ability assessed at kindergarten 
are the most discriminating factors for mathematical achievement in the first years 
of primary school (Passolunghi & Lanfranchi, 2012). Moreover, number knowledge 
assessed at kindergarten predicted functional numeracy outcomes in adolescence 
(Geary, Hoard, Nugent, & Bailey, 2013). In other words, children need well developed 
early numeracy skills to become successful in mathematics (Gersten & Chard, 1999). 
 According to the approximate enumeration hypothesis, infants from 6 months 
of age are already capable of distinguishing different amount of dots (Xu & Spelke, 
2000). Around 4 years of age children are able to judge the number of a small amount 
of dots (i.e. 1-5) that are presented too short to make counting feasible, also labelled 
subitizing (Schleifer & Landerl, 2011). Le Corre and colleagues (2006) showed that 
performance on subitizing and counting tasks of typically developing children is 
closely related. Only 15% of the 4 till 6 year-old children with cerebral palsy have been 
found to be efficient in subitizing, which might be due to difficulties with visual-spatial 
processing (Arp & Fagard, 2005). Therefore, we constructed a dot counting task that 
all children would be able to perform to study whether specific numerical skills are 
predictive of early numeracy and arithmetic performance of children with CP. 
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Children in almost all cultures use their fingers when they begin to learn to count 
(Butterworth, 2005). Domahs and colleagues (2010) found that finger counting 
habits influence the structure of number representations of adults, which supports 
the idea that cognitive ideas might be partially based on bodily experiences 
and which exemplifies a form of embodied cognition. Next to behavioural data, 
neuroimaging studies also indicate that a common area in the parietal cortex is 
activated by finger representation and mental arithmetic (Andres, Michaux, & 
Pesenti, 2012). Moreover, gesturing has been indicated as an example of an additive 
tool for learning novel arithmetic tasks (Goldin-Meadow, Cook, & Mitchell, 2009). 
Nine-year-old children who were shown the correct gestures to solve an addition 
tasks they were unfamiliar with performed better than children who received verbal 
instructions. Children diagnosed with CP regularly have limited fine motor skills, 
which could restrict their abilities to explore their environment and to use their 
hands to learn novel numerical and arithmetic tasks (van Rooijen, Verhoeven, & 
Steenbergen, 2011). Surely, this does not have to prevent them from developing 
adequate numeracy and arithmetic performance, but an increase in manual 
functioning could improve the development of numeracy and arithmetic skills of 
children with CP. 
 To conclude, children with CP lag behind on addition and subtraction tasks 
compared to their peers (van Rooijen et al., 2011). In order to change this pattern, 
early remediation and intervention programs seem the most promising course of 
action, considering that numeracy and arithmetic performance can be improved 
through training (e.g. Toll & Van Luit, 2013). However, at this moment, research on 
the early numeracy development of children with CP is scarce (van Rooijen et al., 
2011). Neither has there been extensive research on the precursors of arithmetic 
performance to find out if they are comparable to typically developing children. 
Therefore, the goal of our study was twofold. First, we examined the development 
of early numeracy skills in children with cerebral palsy over a two year period. The 
children were enrolled in special education schools. In addition, we studied whether 
working memory as construct consisting of verbal working memory, visual-spatial 
working memory, executive functioning, counting skills and fine motor skills are 
predictive of the arithmetic performance of children with CP at 8 years of age. We 
used structural equation modelling (SEM) to be able to examine the influence of 
various factors over time. 
METHOD
Participants 
A longitudinal study, consisting of three measurement waves all one year apart, was 
conducted in children with a formal diagnosis of cerebral palsy (Rosenbaum et al., 
2007). All children attended schools for special education in the Netherlands. In the 
first measurement wave, 56 children participated (37 boys and 19 girls). The mean 
age was 6.0 (SD = .58). 42 children (81%) had the spastic type of CP (33% unilateral 
and 66% bilateral), 5 children (9%) were diagnosed with diskinetic CP, 4 children 
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(8%) were diagnosed with spastic and diskinetic type of CP and one child (2%) was 
diagnosed with a combination of diskinetic and atactic CP1. Every consecutive year 
all children were approached for testing. However, some data is missing because 
children were not present at school at that time or because children were unable to 
perform the task, for instance through speaking difficulties (see Table 1 for detailed 
information on all tasks). The parents of the children provided written informed 
consent for the participation of their child.
Instruments
Early numeracy performance. The Early Numeracy Test – Revised (ENT-R) is a 
standardized Dutch test to assess early numeracy performance of children between 
4 and 9 years of age (Van Luit, Van de Rijt, & Pennings, 1994). The ENT-R consists of 
two parts. The first part is dedicated to Piagetian concepts. Sub tests aim to measure 
concepts of comparison, classification, one-to-one correspondence and seriation. 
The second part focuses on counting skills, that is, use of number words, structured 
counting, resultative counting, general understanding of numbers and estimation. 
The test consists of 45 items. If an item is answered correctly the child receives one 
point. The total score of all items represents the early numeracy capacity. 
  Verbal working memory. The Dutch versions of the word recall subtask of the 
Automated Working Memory Assessment (AWMA) was administered (Alloway, 
2007). Children were presented with words auditory and were asked to repeat 
them. The task started with two words and the amount of items increased by one. 
If more than three items were repeated incorrectly, the task was ended. The total 
scores consisted of the amount of words repeated correctly. 
 Visual-spatial working memory. The Corsi Block task was administered to measure 
visual-spatial working memory. The Corsi task consists of a horizontal surface on 
which blocks are placed. The experimenter touched the blocks in a certain sequence 
(Kessels, van Zandvoort, Postma, Kappelle, & de Haan, 2000) and the child was 
asked to repeat the sequence. The length of the sequence increased by one every 
time. If two sequences of the same length were repeated incorrectly, the task was 
finished. The total amount of correctly repeated sequences was used as visual-
spatial working memory measure. 
 Executive functioning. Executive functioning was assessed with backwards digit 
recall of the AWMA (Alloway, 2007). A sequence of digits is presented auditory and 
the child is asked to repeat the digits backwards. The task starts with a sequence of 
two digits which increase in difficulty by one. The task is terminated when the child 
repeats two items of a sequence incorrectly. The total amount of correctly repeated 
items was included in the analyses. 
 Fine motor skills. The Box & Block task is an instrument to assess gross dexterity 
(Mathiowetz, 1985). The task is made up of a box which is divided by a partition 
in two equal sides. The children are asked to shift as many blocks as possible to 
1 The schools were not able to provide us information on the type of CP of 4 children.
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the other side of the box using only one hand within one minute. The children 
performed the task for both hands separately and the combined score was used as 
fine motor skills measure. 
 Counting. A dot counting task was developed using the Presentation software 
(Version 0.70, www.neurobs.com). Different amount of dots were presented in a 
random or canonical order on a laptop computer screen. The amount of dots varied 
from one to six. Each number was presented 10 times, which resulted in 60 items. 
The dots were visible until the child gave a verbal response. The percentage of 
correctly answered items was used in the statistical analyses. 
 The described tasks were administered at all three measurement waves. 
Arithmetic performance was only administered at the final measurement moment, 
when the children were on average 8 years of age.
 Arithmetic performance. An experimental task was developed using the 
Presentation software (Version 0.70, www.neurobs.com). Children were presented 
with 30 single-digit addition (a + b = …) and 30 subtraction (a – b = …) items. Correct 
answers were always smaller than 10 and could not have a negative value. In 
addition, trials consisting of the same numbers (e.g. a + a) were excluded. Children 
could take as much time as they needed to give an answer. If more than 10 items 
were answered incorrectly, the task was finished. The amount of correctly answered 
items was used as dependent variable. 
Main statistical analyses 
Structural equation modelling (SEM) using AMOS 20 (Arbuckle, 2012) was used to 
analyse the data. In all models, we aimed to predict the arithmetic performance at 
8 years of age. In the first model, we examined whether measures from the first 
measurement, when the children were 6 year, were positively associated with 
early numeracy performance at 7 years which in turn was related to arithmetic 
performance. In the second model, we tested if the same predictors as in the 
first model, but this time measured at 7 years of age, were related to arithmetic 
performance at 8 years of age. Finally, we combined both models to study which 
variables remained influential over a two year period. To simplify the model, we 
removed all non-significant paths from the model. This was done only if it did not 
lead to a significant increase in chi-square (i.e. decreased the fit of the model).  
 We used different fit indices to evaluate the fit of the various models (Kline, 2005). 
The chi-square index is a ‘‘badness-of-fit’’ index and should be non-significant 
(p > .05). However, this index is dependent on the sample size. Therefore, we also 
report the χ2/df ratio. Although no strict criteria exist regarding the exact value, 
generally a value less than 3 is regarded as acceptable. A Root Mean Square Error 
of Approximation (RMSEA) value smaller than .08 and Comparative Fit Index (CFI) 
value higher than .90 is considered to indicate a sufficiently good fit.
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RESULTS 
Descriptive statistics and correlations
To study if the early numeracy performance of the children improved during the 
three years, we performed a repeated measure ANOVA (see Table 1 for the means of 
all measurement moments). The repeated measure ANOVA showed that the 
increase in early numeracy performance was significant (F (2, 38) = 76,9, p = .00, 
partial η2 = .80) and had a substantial effect size (Cohen, 1988). Pair wise comparisons 
using a Bonferroni correction revealed that the difference between 6 and 7 years of 
age and between 7 and 8 years of age were both significant (p = .000).
All variables were positively related to each other. Only the correlation between 
working memory assessed at 6 years of age (see Table 2) and fine motor skills tested 
at 7 years of age was not significant (r = .24, p > .05).
Table 1.
Means and standard deviations of the included variables
1 In the Method section the construction of the variables is explained in detail.
N M (SD)1
6 years of age
Early numeracy performance 52 16.8 (8.4)
Verbal working memory 46 15.9 (5.5)
Visual-spatial working memory 51 3.1 (1.9)
Executive functioning 45 2.6 (3.7)
Fine motor skills 55 27.2 (17.5)
Counting (percentage correct) 42 79.9 (14.0)
7 years of age
Early numeracy performance 45 20.0 (9.2)
Verbal working memory 42 16.4 (5.4)
Visual-spatial working memory 42 3.9 (1.8)
Executive functioning 42 3.8 (3.5)
Fine motor skills 48 38.1 (20.0)
Counting  (percentage correct) 42 83.7 (14.2)
8 years of age
Early numeracy performance 46 26.7 (9.7)
Arithmetic performance 41 32.9 (22.1)
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Structural equation model with factors assessed at age 6 
In the first model, we examined whether working memory, counting and fine 
motor skills measured at the first measurement wave were positively related to 
early numeracy performance a year later which was assumed to be associated 
with arithmetic performance at 8 years of age (see Figure 1). The fit of the model 
was good (χ2 (12) = 4.17, p = .98, χ2/df = .35, CFI = 1.00, RMSEA = .00). Verbal, 
visual-spatial working memory and executive functioning all load high on the factor 
working memory (β = .49, p = .012, β = .59, p = .006, β = .79, p = .003, respectively). 
Early numeracy performance at 7 years of age was strongly related to arithmetic 
performance a year later (β = 83, p < .001). Moreover, working memory, counting 
and fine motor skills measured at 6 years of age were all positively related to early 
numeracy performance at 7 years of age (β = .28, p < .001, β = .27 p = .03,  β = .38, 
p < .001, respectively). The effect sizes of these precursors were medium (Cohen, 
1988). 
Structural equation model with factors at age 7 
In the second model, we wanted to explain the variance in arithmetic performance 
when the children were 8 years of age using factors assessed a year earlier 
(Figure 2). The model fit was sufficient (χ2 (12) = 15.2, p = .23, χ2/df = 1.27, 
CFI = .98, RMSEA = .08). The indicators verbal working memory, visual-spatial working 
memory and executive functioning all load high on the factor working memory 
(β = .69, p < .001, β = .60, p < .001, β = .92, p < .001, respectively). The relation 
between early numeracy measured at 7 years of age and arithmetic performance 
measured at 8 years of age was of a substantial size (β = .82, p < .001). Again, working 
Figure 1.
Factors assessed at 6 years of age associated with arithmetic performance at 8 years of age. 
Numbers above arrows are standardized regression coefficients. Only significant relations are 
depicted in the figure.
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Figure 2. 
Factors assessed at 7 years of age associated with arithmetic performance at 8 years of age. 
Numbers above arrows are standardized regression coefficients. Only significant relations are 
depicted in the figure.
Figure 3. 
Longitudinal model to predict arithmetic performance with factors assessed at 6 and 7 
years of age. Numbers above arrows are standardized regression coefficients, whereas the 
number above the dependent variable is the amount of explained variance by the model. 
Only significant relations are depicted in the figure. 
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memory, counting and fine motor skills were positively associated with early numeracy 
performance assessed at 7 years of age (β = .39, p < .001, β = .28, p = .002, β = .40, p < 
.001, respectively).  These relations had a medium effect size (Cohen, 1988). 
Combined longitudinal model
In the final model, we examined which factors assessed at 6 and 7 years of age were 
prerequisites for arithmetic performance at 8 years of age. Due to the relatively 
small sample size it was not possible to include working memory as latent factor 
in the longitudinal model. Therefore, a factor analysis was performed in SPSS to 
confirm statistically that verbal, visual-spatial working memory and updating 
could be combined in one comprehensive score. The results showed that a one 
factor solution was preferred. Using a principal component analysis all factors 
had an eigenvalue above one and loaded high on the factor. 57% of the variance 
was explained by this solution. Thus we used the saved standardized scores in the 
consecutive analyses in AMOS. 
 In the final model, counting was not significantly associated to early numeracy in 
this model and therefore removed from the final model (see Figure 3). In addition, 
the relation between fine motor skills and working memory measured at 6 years 
of age and early numeracy performance assessed at 7 years of age were non-
significant. The various fit indices showed that the model fitted the data well (χ2 (9) 
= 6.82, p = .66, χ2/df = .76, CFI = 1.00, RMSEA = .00). 
 The relations between the same constructs measured at consecutive years were 
all high, that is between working memory measured at 6 years and 7 years of age 
(β = .76, p < .001) and between fine motor skills measured at 6 and 7 years of age 
(β = .79, p < .001). Moreover, the association between early numeracy performance 
and arithmetic performance was also substantial (β = .81, p < .001). Furthermore, 
fine motor skills measured at 7 years of age were positively related to early numeracy 
performance assessed at the same year (β = .56, p < .001). Finally, working memory 
measured at 7 years of age were both positively associated to early numeracy 
performance at 7 years of age (β = .46, p <.001). The model was able to explain 65% 
of the variance in arithmetic performance. 
DISCUSSION
We assessed the development of early numeracy in children with CP from 6 till 
8 years of age and its precursors using a longitudinal design consisting of three 
measurement waves. Early numeracy performance of children with CP improved 
during this period and was strongly related to arithmetic performance at 8 years 
of age. Principal component analysis showed that verbal working memory, visual-
spatial working memory and executive functioning could be combined into one 
score in the longitudinal model. The main outcome of our study was that working 
memory, counting and fine motor skills were all positively related to early numeracy 
performance a year later. In addition, working memory and fine motor skills were 
found to be positively related to the development of early numeracy. 
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This is the first study that investigated the developmental trajectory of early 
numeracy of children with CP using a longitudinal design. We found that early 
numeracy performance of children with CP improved between 6 and 8 years of 
age. These results are in correspondence with earlier findings on the increase in 
cognitive abilities, that is non-verbal intelligence, of these children over a two-
year period (Smits et al., 2011). Moreover, they also support the findings of Jenks 
and colleagues (Jenks et al., 2009) who found that the ability to solve addition and 
subtraction tasks improved over a two year period. 
 In the present study, early numeracy performance was the predominant predictor 
of arithmetic performance one year later. These results are in line with previous 
studies on the development of mathematics in typically developing children (Aunio 
& Niemivirta, 2010; Hornung, Schiltz, Brunner, & Martin, 2014). In addition, we 
found both counting and working memory to be associated with early numeracy and 
arithmetic performance of the participating children. Fuchs and colleagues (2010) 
reported comparable results for typically developing children in that both early 
numeracy and domain general abilities were related to mathematical performance. 
Moreover, in line with the working memory model of Baddeley & Hitch (1974) 
verbal and visual-spatial working memory and executive functioning were found to 
collapse into one latent factor. In the longitudinal model, working memory remained 
an influential precursor of early numeracy and arithmetic performance as has been 
described in a similar fashion for typically developing children (Bull et al., 2008). In 
future research the inclusion of a larger sample of children would make it possible 
to examine the isolated influence of verbal working memory, visual-spatial working 
memory and executive functioning on the ability to solve addition and subtraction 
tasks. Studies on typically developing children found that especially executive 
functioning (i.e. updating) was relevant for the development of mathematics (Van 
der Ven, Kroesbergen, Boom, & Leseman, 2012). 
 Our study also showed fine motor skills to be positively associated with early 
numeracy and arithmetic performance which is in accordance with a previous study 
in children with CP (van Rooijen et al., 2012). Although some authors have argued 
for a general relation between motor and cognitive development (e.g. Diamond, 
2000), research on TD children thus far has mainly focused on studying the role of 
a specific manual ability to an explicit numerical or arithmetic task. As an example, 
gesturing aids children to learn to solve calculation tasks (Goldin-Meadow et al., 
2009). 
 In the final longitudinal model, counting was no longer significantly related to 
numeracy and arithmetic performance. Most likely this is a statistical artefact. 
That is, basic counting skills and early numeracy were substantially correlated. As a 
result, fine motor skills and working memory probably explained more variance in 
early numeracy performance over time compared to counting skills. 
 The results of the current study imply that the training of working memory and 
early numeracy performance are the most promising starting points to improve 
the numeracy and arithmetic performance of children with CP. Toll and van Luit 
62
(2013) found that their remediation program, which consists of structured 
activities to teach basic numerical concepts and language related to math, was 
effective in increasing the numeracy knowledge of typically developing children in 
kindergarten. Moreover, in recent years programs that target working memory have 
been shown to be effective (Harrison et al., 2013). It is an important next step to 
examine whether these intervention programs will be effective for children with 
CP as well. Moreover, future research should scrutinize which aspect of the broad 
concept of early numeracy is the most important predictor for children with CP, as 
this will provide valuable information for mathematical educational programs.  In 
addition, the effectiveness of rehabilitation programs for improving the upper limb 
functioning of children with CP has been shown repeatedly (e.g. Choudhary et al., 
2013). Consequently, it would be interesting to study whether the enhancement 
in manual dexterity would also lead to improvements in cognitive functioning, and 
especially in numeracy and arithmetic.  
 Although the findings of the present study were robust, it is important to discuss 
some of the limitations. First, a relative large group of children with CP participated 
in this study for three consecutive assessments. Nonetheless, the number of 
children included in the analyses is small in regard of the recommendations for 
structural equation modelling (Kline, 2005). However, we found that the same 
factors assessed at 6 and 7 years of age were predictive of early numeracy and 
arithmetic performance a year later, which indicates that the results of our models 
are fairly robust. Moreover, it is generally acknowledged that children with CP form a 
heterogeneous group and there are large differences, for instance in communication 
and cognition (Rosenbaum et al., 2007). Unfortunately, we were not able to examine 
possible differences between subtypes of CP, gross motor capabilities, localization 
of the disorder and presence of epilepsy using SEM analyses. Furthermore, we 
were only able to include a small number of precursors in the model. In previous 
studies on the development of arithmetic, for instance language and visual-spatial 
capacities have been found to be influential as well (Fuchs et al., 2010). In addition, 
in we did not include the education that children received so far (Butterworth, 
2005). 
 To conclude, the early numeracy performance of children with CP improved from 
6 till 8 years of age. Working memory, counting and fine motor skills were shown 
to positively influence early numeracy performance. Furthermore, arithmetic 
performance at 8 years of age was predicted by working memory and fine motor 
skills assessed at 6 and 7 years of age. Considering the importance of numeracy and 
arithmetic skills in daily life and for academic and work success, children with CP 
could substantially benefit from early intervention programs aimed at improving 
their working memory and numeracy performance. 
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Children with cerebral palsy (CP) often show learning 
difficulties. Previous studies focused on either numeracy 
or arithmetic performance and included only a small 
set of predictors. In the present study, it was examined 
to what extent fine motor skills, language and working 
memory could explain early numeracy and arithmetic 
performance of children with CP. Moreover, the influence 
of early numeracy performance as additional predictor 
for arithmetic was investigated. 41 children participated 
(M = 8.0, SD = .61 months; 28 boys (68%)). Hierarchical 
regression analyses showed that fine motor skills, 
language and working memory explained a significant 
amount of variance in early numeracy and arithmetic 
performance. This could be attributed to the influence of 
manual dexterity, visual-motor integration, phonological 
awareness and visual-spatial working memory. Moreover, 
the addition of numeracy in the final step of the regression 
analysis led to a significant increase in explained variance 
in arithmetic performance. To conclude, similar fine motor, 
language and working memory factors were related to 
early numeracy and arithmetic performance of children 
with CP.
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Traditionally, literacy and arithmetic are the core disciplines of education. Children 
with cerebral palsy (CP) were shown to have learning difficulties in general 
(Himmelmann, Beckung, Hagberg, & Uvebrant, 2006; Schenker, Coster, & Parush, 
2005), and in particular difficulties in arithmetic compared to language (Frampton, 
Yude, & Goodman, 1998). Previous research has shown that various domain-general 
and domain-specific factors are related to arithmetic performance of children with 
CP (Jenks et al., 2007; van Rooijen et al., 2012). However, these studies focused 
either on early numeracy or on arithmetic performance. Moreover, most studies 
have included only on a small set of predictors, which makes it difficult to compare 
the relative influence of various factors. 
 Numeracy is assumed to develop in arithmetic performance in a consecutive 
manner (Butterworth, 2005). Early numerical performance, like counting and 
number comparison, assessed at kindergarten are strongly related to more 
complex arithmetic abilities in first grade (Hornung, Schiltz, Brunner, & Martin, 
2014). Research on typically developing children has shown that multiple factors 
are influential in the development of early numeracy and arithmetic performance 
(e.g. Fuchs et al., 2010; Vukovic et al., 2014). For instance, LeFevre and colleagues 
(2010) propose that there are different pathways, namely linguistic, spatial 
attention and quantitative (e.g. comparing quantities), that contribute differently 
to various mathematical outcomes such as geometry measurement and magnitude 
comparison. In the current study, we will include a broad range of fine motor, 
language, and working memory measures and study their relation to early numeracy 
and arithmetic performance. In addition, we will examine whether the addition of 
early numeracy performance will be positively associated with the ability to solve 
addition and subtraction tasks.
 The main characterization of cerebral palsy are problems in motor control and 
posture (Rosenbaum, Paneth, Leviton, Goldstein, & Bax, 2007). Gross motor 
capacities have been found to be associated to cognitive performance. For instance, 
Himmelman and colleagues (2006) showed that an increase in gross motor 
performance, as indicated by the GMFCS scores, was related to a significant increase 
in the proportion of learning disabilities. However with respect to arithmetic, we 
recently showed that especially fine motor skills seem to be influential (van Rooijen 
et al., 2012). Children with CP have a decreased opportunity to use their fingers and 
hands, which can be used as representative tools to learn numeracy and arithmetic 
(Goldin-Meadow, Nusbaum, Kelly, & Wagner, 2001). In typically developing 
children, visual-spatial integration was stronger related to arithmetic performance 
in comparison to visual-motor coordination throughout childhood (Carlson, Rowe, 
& Curby, 2013). Children with CP often have additional sensory impairments, which 
might result in difficulties in visual-motor integration (Gordon, Bleyenheuft, & 
Steenbergen, 2013) and an association with mathematical skills.
 In addition, the influence of language on arithmetic performance has consistently 
been found (Fuchs et al., 2010; Praet, Titeca, Ceulemans, & Desoete, 2013). It has 
been argued that phonological processing is necessary for calculation tasks that 
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rely on the manipulation of verbal codes (Simmons & Singleton, 2008). However, 
Durand and colleagues (2005) reported verbal ability, consisting of listening 
comprehension, vocabulary and verbal reasoning, to be a unique predictor of 
arithmetic of 7 till 10 year old children. In a previous study on arithmetic performance 
of children with CP, we found word decoding to be related to the ability to solve 
addition and subtraction tasks (Van Rooijen et al., 2014). 
 Furthermore, children with CP were shown to have working memory 
difficulties compared to their typically developing peers (Straub & Obrzut, 2009). 
The influential working memory model of Baddeley & Hitch (1974) assumes 
that working memory consists of a verbal component, a visual-spatial sketchpad 
and a central executive. Raghubar and colleagues (2010) reviewed the available 
studies on the relation between working memory and arithmetic. They 
concluded that visual-spatial capacities might be more related to solving novel 
tasks, whereas the phonological loop might become more influential when 
information is already stored in memory. For children with CP, especially visual- 
spatial working memory and executive functioning explained variance in the ability 
to solve simple addition and subtraction tasks (Jenks, de Moor, & van Lieshout, 
2009). 
 Previous studies including children with CP have not yet included various 
cognitive and motor factors in one design. Moreover, they have not examined 
whether the same or different factors were related to early numeracy performance 
and the ability to solve addition and subtraction tasks. Furthermore, the additional 
influence of early numeracy on arithmetic performance has not been studied 
yet. Therefore, we conducted a hierarchical regression analysis and compared 
the association of fine motor skills, language and working memory on early 
numeracy and arithmetic performance of 8-year-old children with CP. In subsequent 
steps, we included motor, language and working memory variables. First, we 
tested the influence of fine and gross manual dexterity as well as visual-motor 
integration on early numeracy and arithmetic. Second, we included phonological 
awareness and sentence understanding as language measures. Third, we 
examined which component (verbal, visual-spatial working memory and executive 
functioning) was a predictor of early numeracy and arithmetic performance. 
Finally, we investigated whether early numeracy can be added as an additional 
predictor of the ability to solve addition and subtraction tasks. 
METHOD
Participants
In total 41 children participated. The sample consisted of 28 boys (68%) and 13 
girls (32%) The children were on average 8.0 years of age (SD = .61 months). 
34 children (83%) were diagnosed with spastic CP, whereas 3 (7%) were 
diagnosed with the dyskinetic type of CP. In addition, 3 (7%) children were diagnosed 
with a combination of spastic and dyskinetic CP and 1 (2%) child was diagnosed 
with a combination of dyskinetic and ataxic CP. All children followed a special 
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education curriculum in the Netherlands. Parents were asked to provide written 
informed consent. 
 The dataset is part of a longitudinal study on the development of early numeracy 
in children with CP (Van Rooijen, Verhoeven, & Steenbergen, submitted-a). Data of 
the third measurement wave was used in the present analyses, because this was 
the only wave in which arithmetic performance was assessed as well as all other 
motor, language and working memory variables. All tasks were administered at the 
same time. Only children who completed the arithmetic task were included in the 
analyses. Some children had missing data on the other included variables due to 
time limitations (see Table 1). 
Instruments
Motor skills
Gross manual dexterity. The Box & Block was used to assess gross manual dexterity 
(Mathiowetz, 1985). The Box & Block task consists of a box divided by a horizontal 
board located in the middle. Children were asked to move as many blocks as possible 
from one side to the other within one minute. They performed the tasks once using 
the preferred hand and once using their non-preferred hand. Both scores were 
summed and used in the analyses. 
 Fine manual dexterity. To assess fine manual dexterity the Purdue Pegboard 
task was administered (Tiffin & Asher, 1948). The task consists of a board with 
two parallel horizontal rows with holes. On the top left and right corner were two 
apertures were the pins could be found. Participants were asked to grasp one pin at 
the time and move it to the nearest hole on the board. They were asked to do this 
as fast as possible. After 30 seconds the task was ended. First, they could use their 
preferred hand and in the second trial they were asked to use their non-preferred 
hand. We summed both scores and used it as dependent variable. 
 Visual-motor integration. The Beery Visual Motor Integration (Beery VMI) short 
form is a task to assess visual motor integration by letting children copy figures 
(Beery, Buktenica, & Beery, 2010). The tasks start with basic forms like horizontal 
and vertical lines to more complex geometric designs. If children copy more than 3 
figures in a row inaccurately, the task was finished. The total score was calculated 
by subtracting the amount of errors from the final correct answer. 
Language 
Phonological awareness. The first phoneme recognition task consists of 10 
consonant-vowel-consonant words (Peeters, Verhoeven, & de Moor, 2009). In this 
task, participants were shown 5 pictures at the same time. The first picture was the 
indicator picture, which was named by the experimenter (e.g. cat). Subsequently 
the experimenter explained that the word could be split in two parts, that is the 
first phoneme and the rest of the word (e.g. ccccc-at). Afterwards the other pictures 
were named by the experimenter and the child was asked to indicate the response 
picture that shared the first phoneme with the indicator picture (i.e. c). 
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Sentence understanding. We used the sentence understanding subtask of the 
standardized Dutch Language Proficiency Test (Verhoeven & Vermeer, 2001). 
Three pictures are shown to a child (e.g. a cat is sitting in front (1), behind (2) 
and in a basket (3). In addition, a sentence is auditory presented at a child (i.e. 
the cat sits in the basket). The child has to indicate which of the pictures matches 
the heard sentence best. The task consists of 42 items and the total amount 
of correctly answered items was used in the analyses. 
Working memory
Verbal working memory. The Dutch versions of the word recall subtask of the 
Automated Working Memory Assessment (AWMA) was administered (Alloway, 
2007). Children were presented with words auditory and were asked to repeat 
them. The task started with two words and the amount of items increased by 
one. If more than three items were repeated incorrectly, the task was ended. 
The total scores consisted of the amount of words repeated correctly. 
 Visual-spatial working memory. The Corsi Block task was assessed to measure 
visual-spatial working memory. The Corsi task consists of a horizontal surface on 
which blocks are placed. The experimenter touched the blocks in a certain sequence 
(Kessels, van Zandvoort, Postma, Kappelle, & de Haan, 2000) and the child was 
asked to repeat the sequence. The length of the sequence increased by one every 
time. If two sequences of the same length were repeated incorrectly, the task was 
finished. The total amount of correctly repeated sequences was used as visual-
spatial working memory measure. 
 Executive functioning. The backwards digit recall subtask of the AMWA 
was included as a measure of executive functioning (Alloway, 2007). The child 
was presented with auditory presented digits and was asked to repeat the 
numbers backwards. The tasks started with 2 digits and increased in difficulty 
with one digit. If two sequences of the same length were repeated incorrectly, 
the task was ended. The total amount of correctly answered items was used in 
the analyses.
Math performance
Early numeracy performance. The Dutch standardized early numeracy task-revised 
(ENT-R) was administered to assess early numeracy performance (Van Luit, Van de 
Rijt, & Pennings, 1994). The ENT-R consists of 2 parts: the first part is dedicated 
to Piagetian concepts (e.g. seriation and comparison), whereas the second part 
assesses counting skills (e.g. structured counting and using number words). In total 
there are 9 subtasks, which all contain 5 items. The total scores consisted of the 
amount of items answered correctly. 
 Arithmetic performance. We constructed an experimental task to assess 
arithmetic performance using the Presentation software (www.neurobs.com). 
Children were presented with 30 single digit addition (a + b = …) and subtraction 
(a – b = …) tasks. The correct answer could not be larger than 10 or have a 
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negative value. In addition, items consisting of the same digits (e.g. 4 + 4 = ...) 
were excluded. The total amount of correct answers was used as dependent variable. 
Analyses
All analyses were performed using SPSS 21 (Arbuckle, 2012). We started the main 
analyses by conducting a hierarchical regression analyses. As default, SPSS uses list 
wise deletion in this analysis, which would result in a substantial loss of the number 
of participants. There was no systematic pattern in the missing data. Therefore, we 
decided to impute the missing data based on the regression imputation method. For 
every variable, we conducted a separate regression analysis to be able to calculate 
the missing score on the third measurement wave. Thus, the missing values were 
calculated based on the individual scores on previous measurements and the 
coefficients of the regression analyses based on the whole sample. In addition, an 
error term was added to all imputed estimated scores, i.e. imputed score M3 = 
(B*score M1) + (B*score M2) + error. 
 The hierarchical regression analyses for both early numeracy and arithmetic 
performance were started with the inclusion of fine motor skills, i.e. gross and 
fine manual dexterity and visual-motor integration. In the next step, we included 
the language tasks, that is, phonological awareness and sentence understanding. 
In the following step, we added the working memory components, that is, verbal 
and visual-spatial working memory and executive functioning. For arithmetic 
performance, we added early numeracy in a final step to investigate whether this 
variable would still increase the amount of explained variance significantly. 
RESULTS
Correlations
Fine manual dexterity was not significantly related to phonological awareness, 
sentence understanding, verbal working memory, visual-spatial working memory 
and executive functioning (r  = .21, p = .30, r  = .31, p = .30, r  = .07, p = .30, r  = .15, 
p = .30, r  = .31, p = .30). Moreover, verbal working memory was not significantly 
related to gross and fine manual dexterity, visual-motor integration, sentence 
understanding, visual-spatial working memory, early numeracy and arithmetic 
performance (r  = .08, p = .49, r  = .07, p = .56, r  = .15, p = .43, r  = .25, p = .12, 
r  = .32, p = .10  r  = .33, p = .05 and r  = .24, p = .15 respectively). All other variables 
were positively correlated with each other (see Table 2).
Hierarchical regression analyses 
Early numeracy performance
The results of the hierarchical regression analyses showed that the inclusion of 
the motor predictors in the first step explained 49% of the variance in the early 
numeracy performance scores (ΔR2 = .49, p <. 01) (see Table 3). Inspection of the 
standardized regression coefficients revealed that this was due to the influence 
of gross manual dexterity and visual motor integration (β = .38, p  < .05, β = .35, 
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p < .05, respectively). The addition of the language predictors resulted in a 
significant increase in explained variance (ΔR2 = .16, p <. 01).  This increase was 
accounted for by phonological awareness (β  = .35, p < .01). Controlling for motor 
and language measures, the addition of the working memory measures still led to a 
significant increase in the explained variance (ΔR2 = .10, p <. 05). From the working 
memory components, only visual-spatial working memory was significantly related 
to early numeracy performance of the children (β = .32, p < .01). The total amount 
of explained variance by the model was 74%. 
Arithmetic
The hierarchical regression analyses concerning arithmetic performance showed 
that the motor predictors explained in total 48% of the variance (ΔR2 = .48, p <. 01). 
This could be attributed to the positive, significant influence of gross manual 
dexterity and visual motor integration on the ability to solve addition and subtraction 
tasks (β = .35, p < .05, β = .44, p < .01, respectively).  Adding the language predictors 
in the second step, led to a significant increase in the explained variance (ΔR2 = .13, 
p <. 01). Similar as in the early numeracy analyses, the influence of phonological 
awareness could account for this change (β = .40, p < .01). In following step, the 
working memory measures were added in the hierarchical model. The explained 
variance of the model increased significantly (ΔR2 = .12, p <. 01). Only visual spatial 
working memory was positively associated with the ability to solve addition and 
subtraction tasks (β = .33, p < .05). In final step, early numeracy was added to the 
model, which led to a significant increase in explained variance (ΔR2 = .07, p <. 01). 
The total amount of explained variance by the model was 79%. 
Table 1. 
Descriptive statistics 
N Mean SD
Fine motor skills tasks
   Gross manual dexterity
   Fine manual dexterity
   Visual-motor integration
38
33
39
42.3
9.1
13.6
21.6
5.0
3.9
Language 
   Phonological awareness 
   Sentence understanding
41
41
7.3
33.6
3.2
8.4
Working memory
   Verbal working memory
   Visual-spatial working memory
   Executive functioning
36
40
35
17.1
4.0
6.8
6.6
1.6
4.6
Math performance
   Early numeracy performance
   Arithmetic performance
40
41
27.8
32.9
9.5
22.1
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Table 2. 
Summary of the pair wise correlations between the included variables (N = 41)
Table 3. 
Summary of the hierarchical regression analyses predicting early numeracy and arithmetic 
performance (N = 41)
Note. * p  < .05, ** p < .01. Gross manual = Gross manual dexterity, Fine manual = Fine 
manual dexterity, Visual-motor = visual-motor integration, WM = working memory, 
EF = executive functioning.
Note: * p  < .05, ** p < .01, β = standardized regression weights, R2 = explained variance.
Numeracy (β) ΔR2 Arithmetic (β) ΔR2
Step 1   Motor skills
                   Gross manual
                   Fine manual 
                   Visual-motor integration
.38*
.08
.35*
.49**
.35*
.00
.44**
.48**
Step 2   Language
                   Phonological awareness
                   Sentence understanding
.35**
.21
.16**
.40**
.03
.13**
Step 3   Working memory
                   Verbal working memory
                   Visual-spatial working memory
                   Executive functioning
.02
.32*
.12
.10*
-.13
.33*
.25
.12**
Step 4   Numeracy 
                   Early numeracy
                   Total R2 .74**
.51**
.79**
.07**
Gross 
manual
Fine 
manual
Visual-  
motor
Phono-
logical 
awareness 
Sentence 
under-
standing
Verbal 
WM
Visual-
spatial 
WM
EF Numeracy
Fine manual .58**
Visual-motor 
integration
.59** .58**
Phonological 
awareness 
.33* .21 .50**
Sentence 
understanding
.46** .31 .45** .48**
Verbal WM .08 .07 .15 .38* .25
Visual-spatial WM .48** .15 .50** .38* .48** .32
Executive functioning 37* .31 .40** .52** .41** .69** .54**
Numeracy .59** .50** .61** .69** .59** .33 .68** .66**
Arithmetic .57** .43* .64** .64** .48** .24 .68** .65** .85**
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DISCUSSION
In the present study, we compared the relative influence of fine motor skills, 
language and working memory on early numeracy and arithmetic performance of 
children with CP using hierarchical regression analyses. Gross manual dexterity, 
visual-motor integration, phonological awareness and visual-spatial working 
memory explained a significant amount of variance in early numeracy and 
arithmetic performance. Moreover, the addition of early numeracy in the final step 
led to a significant increase in explained variance in the ability to solve addition and 
subtraction tasks. 
 Gross manual dexterity and visual-motor integration were both significantly 
related to early numeracy performance. The relation between fine motor skills and 
early numeracy was reported previously (Van Rooijen, Verhoeven, & Steenbergen, 
submitted-b). Concerning typically developing children the association between 
motor skills and early numeracy performance has mainly been investigated 
by studying the relation between finger use and counting. Crollen and colleagues 
(2011) argued that it is certainly not necessary to use finger-counting, but it 
is useful because it allows for ‘working memory load to be alleviated and 
thus perform better in complex numerical tasks’ (p. 2). We did not find any 
published reports on the influence of visual-motor integration on numeracy either 
including typically developing children or children with CP. 
 From the language measures, phonological awareness was significantly related 
to the early numeracy performance of children with CP which is in correspondence 
with previous studies (Kleemans, Segers, & Verhoeven, 2011). Krajewski & Schneider 
(2008) also found a relation between phonological awareness assessed at 5 years of 
age and quantity number competencies in early childhood.   Moreover, the addition 
of the working memory measures led to a significant increase in explained variance 
in early numeracy performance. Working memory and particularly the central 
executive were found to be predictive of early mathematical abilities in previous 
research including typically developing children (Passolunghi, Mammarella, & Altoe, 
2008). Krajewski & Schneider (2009) focused specifically on the relation between 
visual-spatial working memory and quantity number competencies and found a 
firm relationship between the variables. 
 The influence of fine motor skills on the ability to solve addition and subtraction 
tasks is in accordance with previous studies of children with CP (Van Rooijen et al., 
submitted-a). The role of visual-motor integration was already found in typically 
developing children in relation to arithmetic (Son & Meisels, 2006). Carlson and 
colleagues (2013) argued that skills such as handwriting are relevant in school 
settings. Children that have difficulties with writing might dedicate more cognitive 
resources to writing instead of attending to the content of the lesson. 
 Moreover, the role of language on arithmetic performance is in correspondence 
with research on typically developing children (Fuchs et al., 2010). Considering 
the language measures, phonological awareness was significantly related to the 
performance on an addition and subtraction task. This is in line with the notion 
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of Simmons & Singleton (2008) who argued that phonological knowledge is a 
prerequisite for arithmetic tasks that consist of verbal codes. In the current study, 
both the early numeracy and the arithmetic performance tasks had items which 
relied partly on verbal information, which could account for the influence of 
phonological decoding on both constructs.  
 The addition of working memory led to a significant increase in explained variance 
in arithmetic performance, which is in accordance with previous studies including 
children with CP focusing on the ability to solve addition and subtraction tasks 
(Jenks et al., 2009). In the present study, this could be attributed to the influence 
of visual-spatial working memory. Raghubar and colleagues (2010)  argued that 
visual-spatial working memory was especially relevant for learning new arithmetic 
tasks. A recent study confirmed this claim by showing that visual-spatial working 
memory was strongly related to the ability to solve addition and subtraction in the 
first grades of primary schools and decreased in consecutive years (van der Ven, van 
der Maas, Straatemeier, & Jansen, 2013). For the children with CP in the current 
study, visual-spatial working memory is most strongly related to early numeracy 
as well, which probably indicates that the task still provides novel challenges for 
these children. 
 Finally, the addition of early numeracy in final step of the analyses explained 
a significant amount of variance in arithmetic performance. This is line with the 
theoretical notion of a hierarchical development of arithmetic in typically developing 
children (Butterworth, 2005). Recently, also experimental studies confirmed the 
hierarchical development, for instance Zhang and colleagues (2014) reported that 
counting sequence knowledge functioned as mediator between linguistic and 
spatial skills and arithmetic development. The current study confirms the relevance 
of basic numeracy performance for the development of arithmetic in children with 
CP. 
 The current study had a few limitations that should be mentioned. First, although 
the sample size was fairly large for a study on CP, it was a relative small sample for 
the amount of predictors we included in the analyses. Second, all the tests were 
administered at the same moment, so it is not possible to draw any conclusions on 
causality. Finally, we used the ability to solve basic addition and subtraction tasks 
as measure of arithmetic performance. However, other predictors might be related 
to other types of arithmetic like multiplication and word problems. In the same 
manner, other studies focused on the role of executive functioning and described 
that updating was the most predictive of numerical magnitude skills compared 
to inhibition and shifting (Kolkman, Hoijtink, Kroesbergen, & Leseman, 2013). So, 
further research is needed to determine which aspect of working memory can be 
seen as the most important predictor of early numeracy and arithmetic performance 
and the development over time.
 Especially early numeracy seems a viable option for the improvement of arithmetic 
performance of children with CP. Not all children develop adequate numeracy 
skills instinctively. If these children do not receive remedial teaching on time, they 
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might not be able to obtain adequate mathematical knowledge during primary 
school (Jordan, Glutting, & Ramineni, 2010). Intervention studies focusing on the 
enhancement of early numeracy capacities for children with special education 
needs (Van Luit & Schopman, 2000) and limited working memory capacities (Toll & 
Van Luit, 2013) have already reported positive results. Future studies could examine 
which intervention program is most beneficial for children with CP. 
 To conclude, gross manual dexterity, visual-motor integration, phonological 
awareness and visual-spatial working memory explained variance in early numeracy 
and arithmetic performance of children with CP. Moreover, early numeracy added 
substantially to the explained variance in arithmetic even after controlling for all 
other factors. An early focus on early numeracy performance of these children 
seems to be particularly promising for their further arithmetic development. 
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84
Children diagnosed with cerebral palsy (CP) often show 
difficulties in arithmetic compared to their typically 
developing peers. The present study explores whether 
cognitive and motor variables are related to arithmetic 
performance of a large group of primary school children 
with CP. More specifically, the relative influence of non-
verbal intelligence, working memory, word decoding 
capacities, gross- and fine motor skills on arithmetic 
performance is examined using structural equation 
modelling. One-hundred sixteen primary school children 
with a formal diagnosis of CP participated (76 males, M = 7; 
3 years, SD = 3 months). In agreement with previous studies 
our results showed that the cognitive and motor predictors 
were all positively correlated to each other. Furthermore, 
in the cognitive model, non-verbal intelligence and word 
decoding were related to arithmetic in primary school. Our 
combined model (that included both motor and cognitive 
variables) showed that word decoding and fine motor skills 
were the strongest predictors of arithmetic performance. 
To conclude, this study was the first to show the influence 
of word decoding and fine motor skills on arithmetic 
performance of children with CP.
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Cerebral palsy (CP) is characterized by an atypical development of movement and 
posture which is the result of non-progressive disturbances in the developing 
brain. Next to compromised motor control, CP is often accompanied by additional 
problems related to sensation, perception, behaviour, communication and 
cognition (Rosenbaum, Paneth, Leviton, Goldstein, & Bax, 2007). Although the 
motor performance and the deviations therein have been described in some detail, 
knowledge about the cognitive skills and scholastic performance in CP is limited 
(Straub & Obrzut, 2009). This is remarkable given the high prevalence of learning 
problems related to arithmetic (26%) and reading (19%) in children with hemiplegic 
CP (Frampton, Yude, & Goodman, 1998). 
 Numbers and arithmetic are an important aspect of our society. People are 
confronted with numerical information in everyday activities, such as looking up a 
page in a book or paying for groceries (Butterworth, 2005). The study of the 
numerical and arithmetic capacities of children with CP has received only minor 
attention (van Rooijen, Verhoeven, & Steenbergen, 2011). The few existing studies 
show that children with CP are regularly delayed in counting, subitizing, and simple 
arithmetic operations compared with their typically developing peers. In addition, 
the longitudinal study of Jenks and colleagues (Jenks, van Lieshout, & de Moor, 
2009a) showed that particularly children with CP in special education1 lagged 
behind and were not able to catch up with their typically developing peers in 
primary school. However, due to the dearth of studies on this topic general 
conclusions cannot be drawn about the antecedents and developmental trajectories 
of arithmetic abilities in these children (van Rooijen et al., 2011). 
 In the present study we explored the influence of cognitive and motor factors on 
arithmetic performance in a large sample of primary school children with CP. We 
will provide an in-depth analysis of the cognitive and motor factors contributing 
to arithmetic performance of children with CP. This analysis will provide a starting 
point for intervention and remediation programs. In what follows, we will elaborate 
on the contribution of the cognitive and motor factors to arithmetic.
Cognitive predictors
Research in typically developing children has revealed several constructs which 
contribute to the development of arithmetic during primary school (e.g. Duncan 
et al., 2007). Domain-general neuropsychological factors, such as intelligence and 
working memory were shown to be related to arithmetic development (De Smedt 
et al., 2009; Kroesbergen, Van Luit, Van Lieshout, Van Loosbroek, & Van de Rijt, 
2009). Moreover, arithmetic performance cannot be disentangled from language 
development (LeFevre et al., 2010). In the following paragraphs, the influence of 
intelligence, working memory and word decoding will be successively discussed in 
more detail.
1 In the Netherlands mainstream- and special education exist in parallel.
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The relationship between general intelligence level and arithmetic performance at 
school is well established in typically developing children (Deary, Strand, Smith, & 
Fernandes, 2007; Lynn & Mikk, 2007). There is a large variation in intelligence scores 
among subtypes of CP (Fennell & Dikel, 2001). Therefore, intelligence is generally 
included in research examining the cognitive abilities of children with CP (Jenks, van 
Lieshout, & de Moor, 2009b; Peeters, Verhoeven, & de Moor, 2009). By the same 
token, working memory was found to be strongly related to arithmetic problem 
solving (Rasmussen & Bisanz, 2005). In a recent review, Raghubar, Barnes and 
Hecht (2010) found a robust relationship between working memory components 
and arithmetic. However, they commented that ‘(...) the relations between working 
memory and math are complex and likely depend on several factors including, but 
not limited to: age, skill level, language of instruction, the way in which mathematical 
problems are presented, the type of mathematical skill under consideration and 
whether that skill is in the process of being acquired, consolidated, or mastered’ 
(p. 10). Moreover, research on the arithmetic capacities of children with CP has 
highlighted the influence of working memory on addition and subtraction problems 
(Jenks et al., 2007).
 When children have to learn to count and attribute names to quantities, language 
becomes influential in learning arithmetic. In addition, a language system is necessary 
to construct and solve more complex arithmetic problems (Butterworth, 2005). 
Several studies have reported a strong correlation between language skills, such 
as phonological awareness, and arithmetic (Hecht, Torgesen, Wagner, & Rashotte, 
2001). Dehaene, Piazza, Pinel, & Cohen (2003) have argued that a separate circuit 
of the parietal cortex is attributed to processing arithmetic problems that contain a 
verbal component. However, the role of word decoding capacities in the cognitive 
performance of children with CP has not yet been established in previous research. 
Therefore, we will examine the influence of word decoding on arithmetic.
Motor predictors
The math skills of typically developing primary school children were found to 
be correlated with their gross motor skills as measured with a standardized 
screening instrument (Early Screening Inventory Revised (ESI-R) (Son & Meisels, 
2006). In children with CP the severity of motor impairments, as assessed with the 
Gross Motor Function Classification System (GMFCS), was correlated with their 
intellectual functioning (Smits et al., 2011). In addition, learning problems were also 
dependent on the severity of the gross motor impairment. Specifically, high scores 
on the GMFCS that indicate severe compromised motor control were positively 
correlated with the presence of learning problems (Beckung & Hagberg, 2000). In 
contrast, Jenks, van Lieshout, et al. (Jenks et al., 2009b) did not find a relationship 
between the GMFCS scores and arithmetic performance in primary school children 
with CP.
 In addition to the role of gross motor abilities, fine motor skills may even be more 
strongly related to arithmetic. Across the majority of cultures, children start using 
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finger-counting strategies spontaneously (Di Luca, Granà , Semenza, Seron, & Pesenti, 
2006). Furthermore, strong correlations were found between the unstructured use 
of finger-counting strategies and accuracy in number combinations (e.g. how much 
is a and b?) by children in kindergarten (Jordan, Kaplan, Ramineni, & Locuniak, 
2008). Goldin-Meadow, Nusbaum, Kelly, & Wagner (2001) have examined the role 
of gesturing in arithmetic. Children and adults were presented with challenging 
problems. Children solved problems similar to 4 + 5 + 3 = … + 3 and adults received 
problems like x2 - 5x + 6 = (…) (…). While explaining the arithmetic problems, both 
groups performed significantly better when they were allowed to ‘talk’ with their 
hands compared to the situation in which they were not allowed to use their hands. 
Because of this established relationship between motor skills and cognition, we will 
also examine the extent to which gross- and fine motor skills in children with CP 
contribute to their performance on addition and subtraction tasks.
Present study
In the present study, the relative influence of cognitive and motor variables that 
were previously shown to be related to arithmetic performance in primary school 
children will be examined. A multifactor approach will be used to provide an in 
depth analysis of the role of these factors on the arithmetic scores in a large group 
of seven-year-old children diagnosed with CP. In order to investigate the relative 
influence of these factors, structural equation modelling will be used.
METHOD
Participants
This study is part of the ‘Paediatric Rehabilitation Research in The Netherlands’ 
(PERRIN) CP 5-9 project. Children were recruited from two departments of 
rehabilitation medicine of University Medical Centres (University Medical Centre 
Utrecht and VU University Medical Centre, Amsterdam) and four Rehabilitation 
Centres (Rehabilitation Centre De Hoogstraat, Utrecht; Rehabilitation Centre 
Amsterdam; Rehabilitation Centre De Trappenberg, Huizen; and Rehabilitation 
Centre Breda) in the Netherlands. Ethical approval for the study was given by 
the Committee for Medical Ethics of the University Medical Centre Utrecht. 
 In the present study, data of 116 children were included (76 males, M = 7; 3 
years, SD = 3 months, range 6; 6 - 7; 8 years). Children were included based on a 
formal diagnosis of cerebral palsy (Rosenbaum et al., 2007). Children diagnosed 
with other diseases or disorders which affected motor performance were excluded 
from the study. 98 children had spastic CP (84%), 14 (12%) had dyskinetic CP and 4 
(3%) had ataxic CP. Of the children with spastic CP, 56 (48%) had bilateral CP and 42 
had unilateral CP (20% right; 16% left). Concerning the GMFCS, 56 children (48%) 
were classified in level I, 20 children (17%) were classified in level II, 17 children 
(15%) were classified in level III, 9 children (8%) were classified in level IV, and 14 
children (12%) were classified in level V. All parents signed an informed consent 
form for the participation of their children.
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A few children were unable to perform the tasks due to auditory-, visual or sensory 
difficulties; this data is therefore missing. Some additional, results are lacking 
because cognitive tasks were either too challenging for the children or had not yet 
been a part of their school curriculum. Furthermore, some parents failed to return 
the questionnaire on fine motor functioning.
Instruments
Motor abilities
The Gross Motor Function Measure (GMFM-66) was used to assess the gross motor 
functioning of the children (Russell, Rosenbaum, Avery, & Lane, 2002). The GMFM 
is an observational instrument developed to assess the overall gross motor capacity 
of children with CP without the use of mobility aids or orthoses. The Gross Motor 
Ability Estimator has been used to calculate an interval score, which ranges from 
0 (lowest motor function) to 100 (highest motor function) (Avery, Russell, Raina, 
Walter, & Rosenbaum, 2003).
 The fine motor skills of the children were assessed with the Abilhand questionnaire 
(Arnould, Penta, Renders, & Thonnard, 2004). The Abilhand examines children’s 
manual ability in daily activities and is completed by their parents. Parents are 
presented with 10 items related to the daily activities of their child and are required 
to indicate whether this action is ‘impossible’, ‘difficult’, or ‘easy’ for their child to 
perform. The scores range between -10 and 10 (see Arnould et al., 2004 for a more 
detailed description).
Cognitive abilities 
To assess the non-verbal intelligence of the children the Raven Colored Progressive 
Matrices (Raven, 1965) was used. Every item consists of a visual design of with a 
piece is missing. The child must choose a piece from 6 possible pieces to complete 
the design. The total raw score consists of the amount of items (0–36) answered 
correctly. A non-verbal intelligence score was calculated based on normative data 
in the instruction manual (Schuhfried, 2002).
 Subtests of the WISC-III (Kort, 2002) were used as a measure of working memory 
abilities. The digit span forward and the digit span backwards were administered 
to measure the working memory abilities of the children. A series of numbers are 
presented to the children. Children must then repeat the numbers in the same or 
reverse order. At every step, the numbers presented increased by 1. The test ended 
if the number series was incorrectly repeated twice. 
 The word decoding abilities of children were assessed using the Student Monitoring 
System for Language Performance (Kraemer, Nelissen, Janssen, & Noteboom, 1995). 
On three separate pages, a total of 450 words were presented with increasing 
complexity. The children were asked to read out-loud as many words as possible in 
1 min. The sum score of all items that have been read correctly was used.
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Arithmetic
Arithmetic performance of the children was measured with a Dutch standardized 
arithmetic achievement test, the Student Monitoring System for Arithmetic 
Performance (Krom, 1996). The task consists of separate parts for addition, 
subtraction and multiplication problems. In the present study, only addition and 
subtraction problems were used because the children had not yet received any 
education on multiplication. Children received 40 items for each component, which 
were presented in an increasing order of difficulty. For each sub-test, children were 
asked to answer as many problems as they could in 1 min. The sum score of items 
which were answered correctly was used as outcome measure.
Statistical analyses
The data was analysed by structural equation modelling (SEM) using AMOS 7 
(Arbuckle, 2006). The fit indices χ2, χ2/df, Root Mean Square Error of Approximation 
(RMSEA), Comparative Fit Index (CFI) and Tucker Lewis coefficient (TLI) were used 
to evaluate the fit of the models. The chi-square index is a ‘badness-of-fit’ index 
and should be non-significant (p > .05).Although no strict criteria exist regarding 
the value of the χ2/df ratio, generally a value less than 3 is regarded as acceptable. 
A RMSEA value smaller than .05 indicates a good fit, whereas a value between 
the .05 and .08 indicates a reasonable fit. A CFI –and TLI value of higher than 
.90 indicates a sufficiently good fit (Kline, 2005).
RESULTS
Preliminary analyses
Preliminary analyses were performed to investigate whether the motor- and 
cognitive variables are related. The means and standard deviations of the included 
factors can be found in Table 1. 
Table 1. 
Descriptive statistics (Means and standard deviations)
Note. a WM = working memory
N M SD
Cognitive variables
Arithmetic 82 11.61 10.76
Non-verbal intelligence 108 77.10 35.72
WMa: Numbers Forwards 88 5.76 1.99
WM: Numbers Backwards 88 2.66 1.60
Word decoding 82 49.15 61.16
Motor variables 
Gross motor skills 110 67.44 22.35
Fine motor abilities 88 .58 3.49
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To investigate the relationship between the tasks, zero-order correlations between 
the scores of the included tests were computed (Table 2). All variables are positively 
related to one another. Only numbers forwards and gross motor skills are not 
significantly correlated with each other. Arithmetic performance of the children is 
significantly related with all of the cognitive- and motor predictors. Moreover, these 
correlations are of medium and large effect sizes (Cohen, 1988).
Model with cognitive predictors
The cognitive model is presented in Fig. 1A. The model provides a good fit of the 
data. This can be observed from the chi-square fit index and the χ2/df ratio that both 
show a good fit, χ2 (2, N = 116) = .15, p = .94, χ2/df = .06. Moreover, the comparative 
fit indices and RMSEA confirm that the model fits the data well, respectively CFI = 
1.00, TLI = 1.00, RMSEA = .00 (see Table 3).
 In the first model, the forwards and backwards reproduction of number series 
are combined as a working memory measure (respectively β = .69, p < .001, 
β = .94, p < .001). The word decoding scores of primary school children are the 
main predictor of their arithmetic performance (β = .57, p < .001). In addition, 
non-verbal intelligence is a significant predictor for arithmetic of children with CP 
(β = .27, p < .001). The relationship between working memory and arithmetic is not 
significant (β = .19, p = .10). Importantly, the cognitive model is able to predict 82% 
of the variance of the arithmetic performance of children.
Combined model with cognitive- and motor predictors
In the combined model, both the cognitive and motor factors are included to predict 
the arithmetic performance of children with CP (see Fig. 1B). The path between the 
gross motor skills and arithmetic of the children was removed because this improved 
the fit of the model. The chi-square fit index and χ2/df ratio indicate that the model 
fits the data well (χ2 (3, N = 116) = .69, p = .88, χ2/df = .23). Moreover, the comparative 
and absolute fit indices also indicate a good fit of the model (CFI = 1.00, TLI = 1.06, 
Gross motor 
abilities
Fine motor 
abilities
Non-verbal 
intelligence
Numbers 
FW
Numbers 
BW
Word 
decoding
Fine motor abilities .82**
Non-verbal intelligence .74** .76**
Numbers FWb .13 .33** .37**
Numbers BWc .40** .41** .61** .55**
Word decoding .34** .43** .43** .31** .40**
Arithmetic .41** .61** .61** .37** .56** .80**
Table 2.
Correlations between motor- and cognitive variables (N = 110)
Note. b = Forwards, c = Backwards, ** p < .01.
Figure 1A.
Model with cognitive variables predicting arithmetic performance (N = 116).
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To investigate the relationship between the tasks, zero-order correlations between 
the scores of the included tests were computed (Table 2). All variables are positively 
related to one another. Only numbers forwards and gross motor skills are not 
significantly correlated with each other. Arithmetic performance of the children is 
significantly related with all of the cognitive- and motor predictors. Moreover, these 
correlations are of medium and large effect sizes (Cohen, 1988).
Model with cognitive predictors
The cognitive model is presented in Fig. 1A. The model provides a good fit of the 
data. This can be observed from the chi-square fit index and the χ2/df ratio that both 
show a good fit, χ2 (2, N = 116) = .15, p = .94, χ2/df = .06. Moreover, the comparative 
fit indices and RMSEA confirm that the model fits the data well, respectively CFI = 
1.00, TLI = 1.00, RMSEA = .00 (see Table 3).
 In the first model, the forwards and backwards reproduction of number series 
are combined as a working memory measure (respectively β = .69, p < .001, 
β = .94, p < .001). The word decoding scores of primary school children are the 
main predictor of their arithmetic performance (β = .57, p < .001). In addition, 
non-verbal intelligence is a significant predictor for arithmetic of children with CP 
(β = .27, p < .001). The relationship between working memory and arithmetic is not 
significant (β = .19, p = .10). Importantly, the cognitive model is able to predict 82% 
of the variance of the arithmetic performance of children.
Combined model with cognitive- and motor predictors
In the combined model, both the cognitive and motor factors are included to predict 
the arithmetic performance of children with CP (see Fig. 1B). The path between the 
gross motor skills and arithmetic of the children was removed because this improved 
the fit of the model. The chi-square fit index and χ2/df ratio indicate that the model 
fits the data well (χ2 (3, N = 116) = .69, p = .88, χ2/df = .23). Moreover, the comparative 
and absolute fit indices also indicate a good fit of the model (CFI = 1.00, TLI = 1.06, 
Gross motor 
abilities
Fine motor 
abilities
Non-verbal 
intelligence
Numbers 
FW
Numbers 
BW
Word 
decoding
Fine motor abilities .82**
Non-verbal intelligence .74** .76**
Numbers FWb .13 .33** .37**
Numbers BWc .40** .41** .61** .55**
Word decoding .34** .43** .43** .31** .40**
Arithmetic .41** .61** .61** .37** .56** .80**
Table 2.
Correlations between motor- and cognitive variables (N = 110)
Note. b = Forwards, c = Backwards, ** p < .01.
Figure 1A.
Model with cognitive variables predicting arithmetic performance (N = 116).
Figure 1B.
Combined model in which cognitive and motor variables are presented (N = 116).
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RMSEA = .00). To summarize, the combined model fits the data very well (see Table 
3). The model is presented in Fig. 1B. Remarkably, both working memory and non-
verbal intelligence are not significantly related to arithmetic performance, 
respectively β = .18, p = .11 and β = .17, p = .08. However, the fine motor skills 
of the children are predictive of the arithmetic scores, β = .18, p = .02. Furthermore, 
the word decoding skills are the most important predictor of arithmetic, β = .53, 
p < .001. 85% of the variance in the arithmetic performance skills of the children 
with CP is explained by this model.
DISCUSSION
In a large sample of seven-year-old children with CP, we explored the relative 
influence of cognitive and motor factors on arithmetic performance. Preliminary 
analyses showed that the cognitive and motor variables were all positively 
correlated to each other, which confirms the previously found relations between 
these variables. In the cognitive model, non-verbal intelligence and word decoding 
scores were predictive of arithmetic at primary school. The arithmetic scores of 
these children were particularly influenced by word decoding skills. In our combined 
model, word decoding scores and fine motor skills were the strongest predictors of 
arithmetic performance. 
 The substantial role of word decoding skills supports previous research on the 
development of arithmetic in typically developing children (De Smedt et al., 2009; 
Dehaene et al., 2003). Importantly, we controlled for intelligence level and working 
memory capacities of the children. This implies that the variation in word decoding 
abilities cannot be attributed to a difference in general intelligence or working 
memory skills. Although the design of this study does not allow for conclusions 
about the direction of the relations, it has been argued that phonological capacities 
(i.e. knowledge on a symbolic representation system) are an important prerequisite 
for arithmetic performance that involve knowledge on the symbolic number system 
(LeFevre et al., 2010). As a consequence, improving the word decoding capacities of 
children with CP might enhance their arithmetic performance.
 In the combined model, the fine motor skills of children were more predictive 
of mathematical performance than general intelligence level and working memory 
Table 3.
Summary of the comparison between both models (N = 116)
Notes. CFI = Comparative fit index; TLI = Tucker Lewis coefficient; RMSEA = Root mean square 
error of approximation.
Model χ2 df P χ2/df CFI TLI RMSEA
(90% CI of RMSEA)
Cognitive .15 2 .94 .06 1.00 1.00 .00 (.00-.03)
Combined .69 3 .88 .23 1.00 1.06 .00 (.00-.08)
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abilities. This is in line with previous research highlighting the importance of fine 
motor skills for arithmetic scores in typically developing children (Goldin-Meadow 
et al., 2001; Son & Meisels, 2006). However, CP is a neuro-developmental disorder 
which affects both motor functioning and cognition (Rosenbaum et al., 2007). 
Therefore, it is not possible to determine a causal path between fine motor skills 
and arithmetic performance; in particularly because cross-sectional data was used 
in the present study. Thus, fine motor skills and arithmetic performance are strongly 
related but the direction of this relation has to be established in future research.
 In the present study, gross motor capacities did not show a significant relationship 
with arithmetic performance of children with CP and this aspect was removed 
from the final model. This confirms the longitudinal data of Jenks, van Lieshout, 
et al. (2009a), but contradicts the studies of Smits et al. (2011)  and Beckung 
and Hagberg (2000)  who found a relationship between gross motor functioning 
and cognitive functioning. The reason for these conflicting results might be that 
Jenks, van Lieshout, et al. (2009a) and the present study studied the influence of 
several cognitive factors on arithmetic performance, whereas Smits et al. (2011) 
and Beckung and Hagberg (2000) focused on one aspect of cognitive functioning 
(i.e. non-verbal intelligence and learning disabilities). That is, gross motor skills 
are related to arithmetic performance but this relationship probably became non-
significant due to the inclusion of the fine motor skills and cognitive factors. Apart 
from this  methodological argument a more process-oriented explanation would 
be that, compared to gross motor skills, fine motor skills might be more related to 
cognitive performance of children (e.g. Goldin-Meadow, Cook, & Mitchell, 2009).
 Furthermore, working memory abilities were not significantly related to addition- 
and subtraction scores of primary school children with CP. However, numbers 
forwards and backwards and the other cognitive correlates were all positively 
and significantly related to each other and the correlations had a medium to large 
effect size (Cohen, 1988). A possible explanation is given by Fuchs et al. (2010) 
who state that: ‘(…) the development of mathematical cognition does not depend 
on a uniform set of numerical or general cognitive competencies but rather that 
the relative contributions of numerosity and domain-general explanations to 
the development of mathematical cognition differs depending on the nature of 
mathematics performance’. This would imply that future research concerning the 
arithmetic performance of children with CP would benefit from the inclusion of 
more differentiation in types of arithmetic problems.
Future research
This explorative study is the first to show that motor and cognitive variables are 
both related to the arithmetic performance of children with CP. Simultaneously, 
this study has led to important insights for future research. First, a limitation 
of the current study is that the visual-spatial working memory abilities of the 
children were not assessed. Recent studies have attributed a major role for the 
visual–spatial sketchpad in the development of arithmetic in typically developing 
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children (e.g. Bull, Espy, & Wiebe, 2008). In addition, children with CP were shown 
to have deficiencies in the visual spatial domain which were strongly related to their 
reaction time on simple addition- and subtraction problems (Jenks et al., 2009a). 
 Second, medical background variables such as prematurity of birth and the 
presence of epilepsy were not included. Previous studies have indicated that 
prematurity of birth is a risk factor for cognitive deficits (Bhutta, Cleves, Casey, 
Cradock, & Anand, 2002), and epilepsy has been related to lower accuracy on basic 
arithmetic problems (Jenks et al., 2009b). Moreover, research indicates that the 
cognitive development of children can partially be attributed to the quality of their 
education (Jenks, de Moor, van Lieshout, & Withagen, 2010). Therefore, future 
studies should consider medical- and environmental factors more closely to obtain 
a more detailed overview of the factors affecting arithmetic performance in primary 
school children with CP.
 In sum, children with CP were found to be delayed in arithmetic compared to their 
typically developing peers (van Rooijen et al., 2011). The present study emphasizes 
the role of word decoding capacities for arithmetic performance in children with CP. 
Stated differently, language skills of children are strongly related to their arithmetic 
scores on measures involving the symbolic number system. Thus, the familiarity 
with the symbolic number system could be an important requirement for arithmetic 
in children with CP. In addition, training of fine motor skills might ameliorate their 
arithmetic performance. Due to the present lack of knowledge on the antecedents 
and development of scholastic performance this area would benefit substantially 
from more research.
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The aim of this study was to examine the development 
of arithmetic performance and its cognitive precursors 
in children with CP from 7 till 9 years of age. Previous 
research has shown that children with CP are generally 
delayed in arithmetic performance compared to their 
typically developing peers. In children with CP, the 
developmental trajectory of the ability to solve addition- 
and subtraction tasks has, however, rarely been studied, 
as well as the cognitive factors affecting this trajectory. 
Sixty children (M = 7.2 years, SD = .23 months at study 
entry) with CP participated in this study. Standardized 
tests were administered to assess arithmetic performance, 
word decoding skills, non-verbal intelligence, and working 
memory. The results showed that the ability to solve 
addition- and subtraction tasks increased over a two year 
period. Word decoding skills were positively related to the 
initial status of arithmetic performance. In addition, non-
verbal intelligence and working memory were associated 
with the initial status and growth rate of arithmetic 
performance from 7 till 9 years of age. The current study 
highlights the importance of non-verbal intelligence 
and working memory to the development of arithmetic 
performance of children with CP.
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Cerebral palsy (CP) is characterized by an atypical development of movement and 
posture which is the result of non-progressive disturbances in the developing 
brain. Next to compromised motor control, CP is often accompanied by additional 
problems related to sensation, perception, behaviour, communication, and cognition 
(Rosenbaum, Paneth, Leviton, Goldstein, & Bax, 2007). Although the compromised 
motor control has been described in quite some detail, knowledge about cognitive 
skills and scholastic performance of children with CP is limited (Straub & Obrzut, 
2009). This is remarkable given the high prevalence (44%) of learning problems 
among all types of CP (Ostensjo, Carlberg, & Vollestad, 2003). Importantly, it has 
been found that the prevalence of arithmetic learning problems (28%) is higher 
compared to language problems (17%) (Frampton, Yude, & Goodman, 1998). 
Therefore, we believe that the arithmetic performance of children with CP warrants 
attention. 
 Compared to their typically developing peers, children with CP are generally 
delayed in arithmetic performance (van Rooijen, Verhoeven, & Steenbergen, 2011). 
A few cross sectional studies have previously investigated which cognitive (e.g. 
non-verbal intelligence) and motor factors (e.g. fine motor skills) were related to 
the addition and subtraction scores of children with CP (Jenks, de Moor, & van 
Lieshout, 2009; van Rooijen et al., 2011). Thus far however, arithmetic development 
of children with CP and the cognitive factors associated with this development have 
not been investigated yet through longitudinal studies (for typically developing 
children see LeFevre et al., 2010). Cognitive factors that might influence arithmetic 
development in children with CP are non-verbal intelligence, working-memory and 
word decoding.
 Intelligence is a firmly established predictor of arithmetic performance in typically 
developing children (Deary, Strand, Smith, & Fernandes, 2007). Among individuals 
with CP, there is a large variation in intelligence scores (Fennell & Dikel, 2001). 
Therefore, non-verbal intelligence is generally included as a control variable in 
research examining the cognitive abilities of children with CP (Peeters, Verhoeven, & 
de Moor, 2009). It has been found that non-verbal intelligence correlated positively 
with the ability to solve addition and subtraction tasks in primary school children 
with CP (van Rooijen et al., 2012). More particularly, non-verbal intelligence was 
strongly related to early numeracy skills, which were predictive of the arithmetic 
accuracy of children with CP in regular and special education (Jenks et al., 2007). 
Thus, non-verbal intelligence could be positively related to the development of 
arithmetic performance of children with CP.
 In recent years, the relation between working memory and arithmetic 
performance has been investigated in various studies (De Smedt et al., 2009). 
Specifically, information needs to be retained and integrated to solve arithmetic 
problems (Imbo & Vandierendonck, 2007). Especially updating, that is the capacity 
to hold information in mind while performing other operations, has proven to 
be an essential component of arithmetic performance in typically developing 
children (Raghubar, Barnes, & Hecht, 2010). Jenks, de Moor, et al. (2009a) found 
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that the working memory component explained a large part of unique variance in 
arithmetic performance in children with CP even when intelligence was controlled 
for. Contradictory to our expectations, in a previous study the relation between 
working memory, as measured by numbers forward and backward recall, turned out 
to be non significant when fine motor skills were added to the model (van Rooijen 
et al., 2012). Still, working memory is expected to be positively associated with the 
ability to solve addition and subtraction problems of these children.
 Language becomes relevant when arithmetic problems rely on verbal 
representations (Wiese, 2003). Brain imaging studies have revealed that the left 
angular gyrus, which has been identified as a linguistic area, is also activated in 
numerical tasks which have a verbal component (Dehaene, Piazza, Pinel, & Cohen, 
2003). Moreover, research has shown that linguistic skills, i.e. phonological 
awareness and grammatical ability, are highly related to early numeracy skills 
even when intelligence and working memory were included (Kleemans, Segers, & 
Verhoeven, 2011). Lastly, the influence of word decoding capacities on the ability to 
solve addition and subtraction tasks for children with CP has been found in previous 
research (van Rooijen et al., 2012). Altogether, word decoding skills is hypothesized 
to be a third factor related to the arithmetic performance of children with CP.
 The aim of the current study was to examine the development of arithmetic 
performance of seven-year-old children with CP and to identify cognitive factors 
that are associated with their initial status and change over a period of two 
years. Following a longitudinal design, we investigated the development in their 
performance on addition and subtraction problems from 7 till 9 years of age. 
We explored to what extent non-verbal intelligence, working memory and word 
decoding skills are related to the initial status and growth rate of arithmetic 
performance over a period of two years.
METHOD
Participants
This study is part of the ‘PEdiatric Rehabilitation Research in the Netherlands’ 
(PERRIN) CP 5-9 project (see for a detailed description Smits et al., 2011). The 
PERRIN project is a prospective and longitudinal cohort study on the development 
and determinative factors in daily life of children with CP from infancy till young 
adulthood stratified in four age cohort groups, i.e. 0-5, 5-9, 9-16 and 16-24 years 
of age. Data were collected at a baseline measurement, a follow up assessment 
after one year and an assessment after 2 years. Children were recruited between 
May 2006 and October 2007 at the paediatric rehabilitation departments of two 
University Medical Centres (University Medical Centre Utrecht and VU University 
Medical Centre Amsterdam) and four Rehabilitation Centres (Rehabilitation Centre 
De Hoogstraat, Utrecht; Rehabilitation Centre Amsterdam; Rehabilitation Centre De 
Trappenberg, Huizen; and Rehabilitation Centre Breda) in the Netherlands. Eligible 
children for the present study had a confirmed diagnosis of CP (Rosenbaum et 
al., 2007), and were 7 years of age (i.e. 84 ± 6 months) at study entry. Children 
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were excluded when they were diagnosed with additional diseases and disorders 
affecting motor functioning, other than CP, and children whose parents lacked a 
basic knowledge of Dutch. Ethical approval for the study was given by the Committee 
for Medical Ethics of the University Medical Centre Utrecht.
 In the present study, 60 children were included. At inclusion, the average age was 
7 years and 2 months (SD = .23 months). Fifty-two children had spastic CP (87%), 6 
(10%) had dyskinetic CP and 2 (3%) had ataxic CP. Of the children with spastic CP, 
32 (62%) had bilateral CP and 20 (38%) had unilateral CP (19% right; 19% left). The 
level of severity of the disorder was assessed without limitations) till V (transported 
in a manual wheelchair). Twenty-eight children (47%) were classified in level I, 9 
children (15%) in level II, 7 children (12%) in level III, 5 children (8%) in level IV, and 
11 children (18%) in level V. All parents signed an informed consent form for the 
participation of their children.
Instruments
Arithmetic
Arithmetic performance was measured with, the Student Monitoring System for 
Arithmetic Performance (Krom, 1996), a Dutch standardized arithmetic achievement 
test. The task consists of separate parts for addition, subtraction and multiplication 
problems. In the present study, only addition and subtraction tasks were used 
because the children had not yet received any education on multiplication. Children 
received 40 items for each component, which were presented in an increasing order 
of difficulty. For each sub-test, children were asked to answer as many problems as 
they could in one minute. The sum score of items that were answered correctly was 
used as outcome measure.
Cognitive abilities
Non-verbal intelligence was assessed using the Raven Colored Progressive Matrices 
(Raven, 1965). This test was chosen because it does not require motor skills and is 
therefore more suitable for children with a motor impairment (Smits et al., 2011). 
Every item consists of a visual design of which one piece is missing. The child must 
choose the missing piece from 6 possible options to complete the design. The total 
raw score consists of the number of items (0-36) answered correctly. From the raw 
score, a non-verbal intelligence score was calculated based on normative data in the 
instruction manual (Schuhfried, 2002). 
 Working memory was measured using the Digit Span Backwards test, a subtest of 
the Wechsler Intelligence Scale for Children-III (WISC-III) (Kort, 2002). In this test, 
a series of numbers is presented to the children and they are requested to repeat 
the numbers in the reverse order. At every step the amount of numbers presented 
is increased by 1. The maximum span of numbers is 9. The test ends if the number 
series is incorrectly repeated twice. 
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Word decoding was assessed using the Student Monitoring System for Language 
Performance (Kraemer, Nelissen, Janssen, & Noteboom, 1995). On three separate 
pages a total of 450 words are presented with increasing complexity. For every 
page, the children are asked to read out-loud as many words as possible in one 
minute. The sum score of all items that have been read correctly was used in our 
analyses.
Statistical analyses
The data was analysed by structural equation modelling using AMOS 7 (Arbuckle, 
2006). We started the estimation of the growth model by creating two latent 
variables, that is an intercept (i.e. initial score) and a growth factor (i.e. change in 
scores over time), and assuming that the growth of arithmetic performance was 
linear (Kline, 2005). Therefore, the factors were set to load 1 to the intercept and 
fixed to be 0 to the first measurement wave, 1 to the second measurement wave 
and 2 to the last measurement point. In the following step, the described cognitive 
factors were added as predictors of the initial status and growth factor of the model. 
Subsequently, non-significant paths have been removed from the model, in order to 
obtain the most parsimonious model. 
 The fit indices χ2, χ2/df, root mean square error of approximation (RMSEA), 
comparative fit index (CFI) and Tucker Lewis coefficient (TLI) were used to evaluate 
the fit of the models. The chi-square index is a ‘badness-of-fit’ index and should be 
non-significant (p > .05). Although no strict criteria exist regarding the value of the 
χ2/df ratio, generally a value less than 3 is regarded as acceptable. A RMSEA value 
smaller than .05 indicates a good fit of the model, whereas a value between .05 and 
.08 indicates a reasonable fit. A CFI – and TLI value of higher than .90 indicates a 
sufficiently good fit (Kline, 2005)).
RESULTS
Descriptive statistics
All children visited the paediatric rehabilitation department of a medical centre or 
rehabilitation centre with their parent(s) three times, each time a year apart. The 
included tasks in this study were part of a larger battery to assess the development 
of the cognitive and motor functioning of children with CP. We have tried to 
administer the instruments to all children for three consecutive years. However, 
some data is missing, due to the following reasons. First of all, not all children were 
present at every measurement wave. Second, a small number of children were 
unable to perform the tasks due to auditory, visual or sensory difficulties. Third, 
some additional results are lacking because cognitive tasks were too challenging 
for the children. Finally, for some children arithmetic had not been part of their 
school curriculum yet, therefore, they were not asked to complete the addition and 
subtraction tasks.
 In Table 1 all included tasks and the amount of children who completed these 
tasks are reported, as well as the average scores and standard deviations. In 
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Table 2, the zero-order correlations between cognitive variables and arithmetic 
performance are displayed. All the variables are positively correlated. However, the 
relation between non-verbal intelligence and arithmetic performance at 7 years of 
age, as well as the relation between word decoding and non-verbal intelligence and 
working memory were not significant.
Main analyses
In order to find the most optimal fit of the model, the regression coefficient 
between the growth factor and the third measurement (when the children were 
9 years of age) has been put to 1.75. Regarding the cognitive factors of the model, 
the relation between word decoding and the growth of arithmetic performance 
was not significant (p > .05) and therefore removed from the model. In Figure 1, 
the final model is presented. This model fitted the data well. This can be seen 
from the chi-square fit index and the χ2/df ratio which show a good fit, χ2 (4, N = 60) 
= .72, p = .58, χ2/df = .18. Moreover, the comparative fit indices and RMSEA confirm 
that the model fitted the data well, respectively CFI = 1.00, TLI = 1.00, RMSEA = .00.
Concerning the growth part of the model, the arithmetic scores of children 
Table 1.
Descriptive statistics (means and standard deviations)
N M (SD)
Arithmetic (7 years) 36 9.3 (7.8)
Arithmetic (8 years) 41 18.1 (11.3)
Arithmetic (9 years) 42 23.9 (13.2)
Non-verbal intelligence 57 72.7 (34.7)
Working memory 44 2.4 (1.4)
Word decoding 28 45.6 (42.5)
Arithmetic 
7y
Arithmetic 
8y
Arithmetic 
9y
Non-verbal 
intelligence
Working 
memory
Word 
decoding
Arithmetic (7y)
Arithmetic  (8y) .69**
Arithmetic (9y) .67** .90**
Non-verbal intelligence .30 .59** .62**
Working memory .42* .61** .64** .53**
Word decoding .65** .59** .59** .14 .17 .80**
Table 2.
Correlations between the included variables
Note. * = p < .05, ** = p < .01
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with CP increased over time. However, the growth factor to the third year was 
smaller compared to the second year. This indicates a decreased growth of 
arithmetic performance between 8 years and 9 years of age in comparison to the 
period between 7 years and 8 years of age.
 In relation to the initial status of arithmetic performance, word decoding 
skills was the strongest related factor (β = .54, p < .001). Stated otherwise, 
children with CP who scored higher on word decoding tasks also score higher 
on arithmetic performance at 7 years of age. In addition, working memory 
and non-verbal intelligence were positively and significantly related to the initial 
arithmetic performance (respectively β = .34, p = .04, β = .32, p = .02). Thus, 
children who scored higher on non-verbal intelligence and working memory solved 
a larger amount of addition and subtraction tasks. 
 Related to the growth of arithmetic performance, non-verbal intelligence 
was the strongest related factor (β = .61, p < .001). Moreover, working memory was 
also significantly related to the increase in arithmetic scores over a two year 
period (β = .36, p = .02). In other words, higher scores on non-verbal intelligence 
and working memory at 7 years of age were related to more improvement o 
 basic arithmetic performance over a two year period.
Figure 1.
Simplified model of the development of arithmetic performance of children with CP (N = 
60). The correlations between the variables are not depicted. The numbers along the arrows 
are stan-dardized regression coeffi-cients. The numbers above the arithmetic performance 
scores represent the explained variance by the model.
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DISCUSSION
In the current study, we aimed to study the development of arithmetic performance 
in 7 year-old children with CP and the factors which were associated with the 
change in the following two years. We found that arithmetic performance of 
children with CP improved from 7 till 9 years of age. Non-verbal intelligence, working 
memory and word decoding were all positively related to arithmetic performance 
of children with CP when they were 7 years of age. Only non-verbal intelligence 
and working memory were positively related to the increase in addition- and 
subtraction tasks over the next two years. 
 An important finding of the present study is that arithmetic performance of 
children with CP increased between 7 years and 9 years of age. This increase in 
performance was not linear, since the growth rate decreased between 8 years and 
9 years of age. The increase in the ability to solve addition and subtraction tasks, as 
well as the decreased growth rate from 7 till 9 years of age, is in accordance with the 
longitudinal study of (Jenks, van Lieshout, et al., 2009a). However, since only two 
studies examined this development of arithmetic performance over time, it is not 
possible yet to conclude that this is a general trend or caused by the study designs. 
An explanation for the reduced growth between 8 years and 9 years in the present 
study could be that the arithmetic performance scores were based on the number 
of addition and subtraction problems the children answered correctly within one 
minute. Thus, it is probable that the fine motor skills, i.e., writing skills, hindered 
the expression of arithmetic performance.
 Arithmetic performance, as well as the growth of arithmetic performance, was 
positively affected by non-verbal intelligence. These results confirm the expected 
positive relation between non-verbal intelligence and addition and subtraction 
problems of children with CP (Jenks, van Lieshout, & de Moor, 2009b; van Rooijen 
et al., 2012). In addition, it appears that the arithmetic performance of children 
with a higher non-verbal intelligence score increase more over a two year period, 
which is in close correspondence with the development of arithmetic performance 
in typically developing children (Deary et al., 2007) .
 The positive role of working memory capacities on the arithmetic performance of 
primary school children is in line with previous studies of children with CP (e.g. Jenks, 
van Lieshout, et al., 2009a). Interestingly, working memory scores also showed a 
positive influence on the improvement in solving addition and subtraction tasks. 
Working memory is often regarded as a part of the broader concept of executive 
functions. In recent years, several training programs for executive functions have 
been developed and implemented to improve the executive functioning of typically 
developing children (see for a review Wass, Scerif, & Johnson, 2012). Importantly, 
the available programs are most beneficial for children who have difficulties with 
executive functioning (Diamond, 2012). Children with CP have been found to have 
problems in executive functions, which could explain their learning problems 
(Bottcher, Flachs, & Uldall, 2010). Although it should be noted that not all programs 
have been able to change the cognitive functioning of children and that the long 
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term effects of most training programs still need to be investigated (Wass et al., 
2012), training of executive functioning might be a promising intervention to 
improve scholastic achievement in children with CP.
 Word decoding influences the arithmetic performance of children of 7 years of 
age, but it was not significantly related to the growth over time. This indicates that 
basic knowledge of verbal representations of numbers is associated with the ability 
to solve simple addition and subtraction problems (Butterworth, 2005). To the best 
of our knowledge, no other studies have yet investigated which aspects of language 
are related to the arithmetic performance of children with CP. Studies have revealed 
that children with CP compared to their typically developing peers are delayed 
in the development of phonological awareness, therefore, they are at risk for 
difficulties in literacy (Peeters, Verhoeven, Van Balkom, & De Moor, 2008). Research 
has indicated that phonological awareness is predictive of reading comprehension 
(Asbell, Donders, Van Tubbergen, & Warschausky, 2010). It is therefore warranted 
that future research examines in more detail the role of language components, 
and especially phonological awareness, on the arithmetic performance of primary 
school children with CP.
 The present study is one of the few studies on children with a CP which was able 
to include a substantial amount of participants. Still, this large sample size did not 
allow us to differentiate between type of CP, localization of the disorder, presence of 
epilepsy, gross motor capacities, and educational level in the analyses. Although the 
diversity between children with a cerebral palsy has been widely acknowledged, the 
research on the relations between types of CP and neuropsychological performance 
is practically absent (Straub & Obrzut, 2009). An exception concerning arithmetic 
is the study of Jenks, van Lieshout, et al. (2009b) who found that the speed and 
accuracy on addition and subtraction tasks was negatively affected by the presence 
of epilepsy in children with CP. We believe that forthcoming studies would benefit 
from the possibility to differentiate within the heterogeneous group of children 
with a CP particularly focusing on the previous mentioned characteristics.
 Moreover, due to the longitudinal design of the study and the variety between 
children with CP, not all tasks have been completed by all children at the three 
assessment moments. It is evident that missing data might have influenced the 
results of the statistical analyses to some degree. However, we believe that this is 
to be preferred over completely loosing data and participants in the analyses, as 
this would have confounded the pattern of results in a negative way. In addition, 
in the current study we only examined the influence of non-verbal intelligence, 
working memory and word knowledge on the arithmetic performance. Nevertheless 
research has demonstrated that especially domain-specific factors, like counting 
and comparing quantities, have a substantial influence on the development of 
arithmetic performance of typically developing children (e.g. Krajewski & Schneider, 
2009). Furthermore, the relevance of visual-spatial skills for numeracy of children 
with CP has been shown (Arp & Fagard, 2005).
 With respect to education, an important result from the current study is that 
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for children with CP working memory capacities influence their ability to solve 
addition and subtraction tasks and its development. On the one hand, this result 
implies that these children might benefit from more structured activities offered by 
their teachers. On the other hand, it warrants further study on training of working 
memory capacities in this group of children. The results of the present study suggest 
that improvement of working memory will have a positive effect on their arithmetic 
performance and development over time.
This study is a first attempt to systematically analyse the development of arithmetic 
performance of primary-school children with CP and to examine the associated 
cognitive factors. Children with CP are regularly delayed in arithmetic compared 
to typically developing children (van Rooijen et al., 2011). A central finding of this 
study is that the ability to solve addition and subtraction tasks improves in children 
with CP from 7 till 9 years of age. Word decoding capacities were only related to 
the initial arithmetic performance of the children, whereas the domain-general 
capacities, non-verbal intelligence and working memory, also positively influenced 
the development of arithmetic performance over a two year period.
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Children with cerebral palsy (CP) generally lag behind 
their peers on basic numeracy skills and the ability to 
solve addition and subtraction tasks. Previous studies 
have shown that working memory and early numeracy are 
predictive of arithmetic performance of these children. If 
we want to improve arithmetic performance of children 
with CP, we first need to examine whether numeracy is 
amendable for improvement and, second which specific 
factors should be targeted within a remediation program. 
Here, we will first present a selection of the data from a large 
longitudinal study on the development of early numeracy 
and arithmetic performance in children with CP (N = 39). In 
general, the data showed improvement in early numeracy 
performance between 6 and 8 years of age. Although 
large inter-individual differences were evident, differences 
between children with unilateral CP and bilateral CP 
were not statistically significant. Second, we performed 
a systematic literature search to review the available 
research on intervention programs to improve numeracy 
and working memory in children with CP. Only one single 
pilot study aimed to improve executive functioning was 
found. Due to the small number of results, we expanded 
the search to typically developing children. Intervention 
programs targeting numeracy appear to be effective in 
improving the numeracy and arithmetic performance. 
In contrast, the effects of working memory intervention 
programs are restricted. Based on these combined results 
we conclude that tailored numeracy training protocols 
based on the cognitive abilities of children with CP seem 
to be the most promising course of action.  
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Typically developing children who score low on numeracy performance at kindergarten, 
are not able to catch up with their peers concerning mathematical knowledge and 
fluency if they do not receive remedial teaching during this period (Jordan, Glutting, 
& Ramineni, 2010; Locuniak & Jordan, 2008). Children with cerebral palsy (CP) have 
been shown to have difficulties in counting and simple addition and subtraction tasks 
during primary school (Jenks, de Moor, & van Lieshout, 2009; van Rooijen, Verhoeven, 
& Steenbergen, 2011). This is not surprising considering that approximately 40% of 
the children with CP show learning difficulties (Himmelmann, Beckung, Hagberg, & 
Uvebrant, 2006; Ostensjo, Carlberg, & Vollestad, 2003; Schenker, Coster, & Parush, 
2005). Language and arithmetic are traditionally the basis of the school curriculum. 
Numeracy and arithmetic are assumed to play an important role in academic and 
work success (Chiswick, Lee, & Miller, 2003; Fuchs et al., 2010). 
NUMERACY DEVELOPMENT 
Arithmetic abilities develop in a hierarchical manner, which implies that early 
learned skills are essential for further development (Butterworth, 2005). From 2 
years of age, children develop the ability to count verbally, which is followed by 
learning and understanding the counting principles (i.e. the ‘stable order’ principle 
states that the counting words always appear in an equal order). Simple arithmetic 
tasks are at first solved with counting strategies. Namely, children progress from 
counting all, to counting on from the first integer (3+5 = (3), 4, 5, etc.), to counting 
on from the larger digit (3+5= (5), 6, 7), and in time answers become memorized as 
children acquire arithmetic fact knowledge. 
 Several recent studies have investigated the contribution of associated constructs 
to the development of arithmetic abilities during primary school. As expected, 
domain-specific cognitive abilities such as number sense and subitizing are 
precursors of arithmetic performance at school age (e.g. Kroesbergen, Van Luit, Van 
Lieshout, Van Loosbroek, & Van de Rijt, 2009; Ostergren & Traff, 2013). Moreover, 
domain-general factors, such as intelligence, working memory, and executive 
functioning have been found to be influential (e.g. Bull & Scerif, 2001; Passolunghi 
& Lanfranchi, 2012).  
Numeracy in children with CP
Previous studies in children with CP focused on the precursors of numeracy and 
arithmetic performance using cross-sectional and longitudinal designs (Jenks, van 
Lieshout, & de Moor, 2012; Van Rooijen, Verhoeven, & Steenbergen, submitted-b). 
These studies showed that working memory was a strong cognitive predictor of 
numeracy and arithmetic performance in these children. In particular, executive 
functioning (i.e. updating) and the visual-spatial sketchpad predicted arithmetic 
accuracy and response time in simple addition and subtraction tasks after controlling 
for non-verbal intelligence (Jenks et al., 2009). Moreover, numeracy performance 
was substantially associated with the ability to solve addition and subtraction tasks 
in a consecutive year (Van Rooijen, Verhoeven, & Steenbergen, submitted-a). 
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If we want to use remediation programs to improve the numeracy and arithmetic 
performance of children with CP, we need to determine which competencies should 
be targeted with these programs. Based on previous studies, working memory and 
basic numeracy skills seem valuable entry points (Jenks et al., 2009; Van Rooijen et al., 
submitted-a). In addition, it needs to be established whether remediation programs 
are beneficial for all children with CP given the large inter-individual differences in 
cognitive functioning that are characteristic of these children (see Sigurdardottir et 
al., 2008 for data on intelligence). Thus far, studies have only reported the numeracy 
performance on a group level and there a lack of understanding of the individual 
differences in development in children with CP (for motor rehablitation programs 
see Damiano, 2014). Still, this information is crucial for the development of tailored 
intervention programs. 
 In the present study, we will first present longitudinal data on the development 
of numeracy performance in children with CP and the individual differences 
therein. The data used is part of a longitudinal study that we recently completed. 
Second, we will review the existing literature interventions on working memory 
and numeracy. Specifically, this will help to delineate the cognitive processes that 
should be targeted when setting up a remediation program for the improvement of 
early numeracy in children with CP.
DEVELOPMENT OF EARLY NUMERACY PERFORMANCE 
FOR CHILDREN WITH CP: LONGITUDINAL DATA
We conducted a longitudinal study on the development of early numeracy 
performance in children with CP attending special education schools in het 
Netherlands (Van Rooijen et al., submitted-a). The study consisted of three annual 
measurement moments and had a duration of 2 years. To increase homogeneity 
of the group of children, only children with the spastic type of CP were included in 
the present analyses (N = 39, 27 (69%) boys). At the first measurement wave the 
average age was 6.05 years (SD = .62 months).  
 Early numeracy performance was assessed using the Early Numeracy Task-Revised 
(ENT-R) (Van Luit, Van de Rijt, & Pennings, 1994). The ENT-R is a Dutch standardized 
task to assess early numeracy comprehensively. The first part is dedicated to 
Piagetian concepts (e.g. seriation and comparison), whereas the second part 
assesses counting skills (e.g. structured counting and using number words). The 
ENT-R consists of 9 subtasks, which all contain 5 items, thus 45 is the maximum 
obtainable score. The amount of items answered correctly was used as dependent 
variable. 
 Our results showed that the numeracy performance of children with CP improved 
between 6 and 8 years of age. At the first measurement wave, the average score 
was 16.5 (SD = 8.2) and two year later, the average score was 27.5 (SD = 9.2). A 
repeated measure ANVOA showed that this difference in numeracy performance 
was significant and of a substantial effect size (F (1, 38) = 139.78, p = .00, partial 
ƞ2 = .79 (Cohen, 1988). Next to this general improvement of numeracy skills, we 
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observed large inter-individual differences. To examine these differences into more 
detail, we compared the early numeracy performance of children with unilateral and 
bilateral CP, the two most common subtypes of CP. Figure 1 represents the graphical 
illustration of the developmental trajectories in early numeracy performance (Figure 
1A and 1B). Despite the clearly observable inter-individuals differences, t-tests 
showed that the difference in numeracy performance of children with unilateral 
and bilateral CP was not statistically significant, neither at the first, nor at the final 
measurement (T (34) = .35, p = .73 and T (34) = .09, p = .93). 
Figure 1A.
Graphical representation of the development in numeracy performance for children with 
unilateral CP (N = 12). Each continuous line represents the change in scores of an individual 
child. The dotted line is the average score for the whole group at the first and final 
measurement moment.
Figure 1B.
Graphical representation of the development in numeracy performance for children with 
bilateral CP (N = 24). Each continuous line represents the change in scores of an individual 
child. The dotted line is the average score for the whole group at the first and final 
measurement moment. 
120
EXISTING INTERVENTION AND REMEDIATION 
PROGRAMS FOR CHILDREN WITH CP
We conducted a literature search on intervention studies targeting working memory 
and numeracy training programs developed for individuals diagnosed with CP. In 
October 2014 we searched in the Web of Science, PsycInfo and Pubmed data bases 
using the search terms (cerebral palsy OR congenital OR hemiplegic AND working 
memory OR executive functioning OR numeracy OR arithmetic AND intervention 
OR remediation OR training). We found only two relevant articles on this topic 
published in international peer-reviewed journals. In the first study, Lohaugen et al. 
(2014) have described their study protocol for a randomized control trial to examine 
the effect of a computerized working memory program in children with CP which 
is planned to be finished in June 2015. In the second study, Sorensen et al. (2014) 
conducted a pilot study to improve executive functions. 
 In this study, the Program Intensified Habilitation (PIH) was used to improve 
executive functions of preschool children with CP. PIH is a multidimensional program 
which uses social dramatic play, daily life activities and structured activities. The 
program lasted for one year in which families lived for 6 weeks at the hospital and 
participated in group sessions and the remaining part of the year trained individually 
at home. 14 children between 2 and 4 years of age completed the program.  Both 
parents and preschool teachers were asked to fill in the Behavior Rating Inventory 
of Executive Functions – Preschool version (BRIEF-P) questionnaire before and after 
the program. The results show that fathers report improved scores on ‘Emergent 
Metacognition’ and the teachers on ‘Flexibility’, whereas mothers did not report 
changes (Sorensen et al., 2014). 
 In the light of the finding that children with CP regularly lag behind their 
peers on neuropsychological functioning (Straub & Obrzut, 2009), the amount of 
intervention and remediation studies targeting this aspect is remarkably small. As 
a consequence, no definite conclusions can be drawn based upon the single pilot 
study that did not include a control group. In addition, the changes in executive 
functions that were found are modest and different results are reported by parents 
and teachers, and no follow-up results are presented. Therefore, we elaborated the 
search by including typically developing children as well.
WORKING MEMORY INTERVENTION PROGRAMS FOR 
TYPICALLY DEVELOPING CHILDREN 
Theoretically, trying to enhance working memory capacities seems a promising 
endeavour: ‘(…) working memory reflects a general attentional resource limitation, 
this predicts that training working memory, if successful, should show transfer 
effects to untrained tasks’ (p. 272, Melby-Lervag & Hulme, 2013). In recent years, 
working memory programs have been suggested to be useful in a wide range of 
applications (Klingberg, 2010), for instance in reducing the difficulties of children 
with ADHD (Gibson et al., 2011). Barnett & Ceci (2002) have argued that we should 
121
CH
. 8
A
ccelerating the num
eracy perform
ance of children w
ith cerebral palsy: 
in search of the m
ost prom
ising course of action
differentiate between near and far transfer when considering the effect of an 
intervention program. That is, training programs can have specific effects (e.g. a 
phonological training program improves phonological decoding). However, quite 
some programs claim to improve general functioning, for example working memory 
programs aim to enhance general intelligence as well (see Barnett & Ceci, 2002 for 
a more elaborated discussion on the taxonomy of far fransfer). Therefore, working 
memory improvement could be beneficial for academic performance.  
 Holmes and Gathercole (2014) report on two trials in which a working memory 
program was implemented at schools to enhance academic performance. In these 
trials the Cogmed training protocol was used (http://www.cogmed.com). The 
children were asked to complete the standard protocol which consists of 20 to 25 
sessions that each contains 120 trials. In the second experiment, they have included 
children between 7 and 9 years of age who had obtained the lowest scores on 
Teachers Assessments administered at the end of previous year. In total 25 children 
from year 5, 25 children from year 6 and 50 matched controls participated in the 
study. The authors conclude that children both in year 5 and year 6 who followed the 
training protocol made significantly greater gains in English compared to controls. 
For the children in year 6 a similar effect was found for mathematics. Moreover, the 
baseline academic performance of the children did not mediate the impact of the 
program. Thus, working memory training implemented at schools can be beneficial 
for low achieving primary school children. 
 However, authors have started to doubt the optimistic claims about the 
effectiveness of working memory training. Shipstead, Redick and Engle (2012) 
argue that the conclusions so far are based on studies that regularly contain 
methodological shortcomings. Considering training of children with working 
memory capacity deficits, they conclude that although ‘several studies include 
valid measures of working memory capacity, (…) there is concern regarding the 
consistent use of appropriate control groups’ (p. 637). In addition, studies that have 
focused on far transfer effects have used only a limited amount of tasks and some 
of these measures do not have an unambiguous relationship to working memory. 
Most importantly, it is not clear from the conducted studies which mechanisms are 
responsible for the transfer of working memory training to other cognitive domains 
(Shipstead et al., 2012). 
 Recently, a meta-analysis on the effectiveness of working memory programs casts 
even more doubt as it reports fairly moderate statistical conclusions (Melby-Lervag 
& Hulme, 2013). The authors focused on studies using adaptive computer programs, 
like CogMed, Jungle Memory and Cognifit, and included data of children, adults and 
elderly in their analyses. The near transfer effects were clearly present; children and 
adults who had followed a training program performed better on working memory 
measures. Importantly, there was no convincing evidence that those results were long 
lasting. Regarding far transfer effects, Melby-Lervag & Hulme (2013) conclude that 
no persuading results were reported, showing that the training of working memory 
generalized to other skills, such as nonverbal ability, attention and mathematics.  
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Clearly, in the discussed meta-analysis working memory studies of participants of all 
ages were combined. It could however be argued that the effect of working memory 
training for relatively young children with limited working memory capacity could be 
more promising as they show more behavioural and neural plasticity and are more 
sensitive to influences from the environment (Karbach & Unger, 2014). In line with 
this, children who have at the outset the lowest working memory performance have 
been shown to have the largest improvement overall following the intervention 
period (Diamond & Lee, 2011). 
 To conclude, it is generally acknowledged that working memory programs led to 
improved results on working memory tasks (near effects) in typically developing 
children. However, it has not been established yet that these programs lead to 
enhanced performance on arithmetic performance as well (Melby-Lervag & Hulme, 
2013; Titz & Karbach, 2014). Next, we will turn to numeracy intervention programs 
that might be more valuable to improve the arithmetic performance of children 
with CP.
NUMERACY INTERVENTION PROGRAMS FOR 
TYPICALLY DEVELOPING CHILDREN
Since numeracy and arithmetic performance are closely related, it is likely that 
training specific numeracy skills could be useful in improving not only numeracy 
but also arithmetic performance. In the past decade, quite a few mathematical 
intervention programs have been developed founded on empirically based 
recommendations (Clements & Sarama, 2011). For instance, ‘Big math for little kids’ 
(Greenes, Ginsburg, & Balfanz, 2004) and ‘Number worlds’ (Griffin, 2004) aim to 
enhance the mathematical performance of children in the age range from 3 till 5 
years of age. 
 The “Building Blocks” project is a preschool mathematical program for children at 
risk for school failure. In the program several numeracy skills, such as counting and 
number comparison, and geometry skills, like shape identification and composition, 
are taught. Four classes from public preschool programs with low income families 
participated in this efficacy study (N = 64 in total). The children were on average 
49.9 months old (SD = 6.2). There was a period of 25 weeks between pre- and 
post-test. During this period teachers followed their regular curriculum and 
implemented the “Building Blocks” activities when useful. The results showed that 
all children increased from pre- to post test and the experimental group performed 
significantly better than the control groups. Furthermore, especially children at risk 
for difficulties at school benefit from a program aimed at augmenting their informal 
mathematical knowledge (Clements & Sarama, 2007).
 Remediation programs to accelerate numeracy development of typically 
developing children and children with working memory difficulties were shown 
to be effective (Toll & Van Luit, 2013). In the study of Toll & van Luit in total 933 
kindergartners were included (M = 4.6, SD = 4.1 months). Based on screening tasks 
for working memory and numeracy, the children were divided in intervention 
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and control conditions: Two interventions groups of children with (1) limited 
working memory (N = 31) and (2) typically working memory skills (N = 115), and 
two control groups with (3) limited working memory skills (N = 43) and typically 
working memory skills (N = 87) were established.  The program lasted for a period 
of 1.5 years and consisted of 90 thirty minute sessions.  The sessions were held two 
times a week in small group of 3 to 5 children. Children with and without working 
memory difficulties who followed the remedial program scored significantly higher 
on numeracy tasks compared to the control groups. Stated otherwise, children with 
limited working memory skills benefit in the same way from numeracy programs as 
typically developing children. However, the authors indicate at the same time that, 
we do not know yet whether ‘(…) early numeracy intervention during kindergarten 
leads to higher mathematical attainment in the long run’. 
 In summary, positive examples of intervention and remediation programs on 
numeracy and arithmetic have been reported for typically developing children, 
children with low numeracy skills and children with working memory difficulties. 
Similar to the studies focusing on working memory, some methodological issues 
are present in these studies. For example, not all studies have included a control 
group that received general attention training to reduce the ‘Hawthorne’ effect 
(Shipstead et al., 2012). That is, people might perform differently when they know 
that they are part of an intervention study. Moreover, most studies have not 
examined the long term effects of numeracy training on mathematical performance 
at primary school and beyond which limits conclusions on retention of the effects. 
The relevance of follow-up and transfer measurements is shown by Aunio and 
colleagues (2005) who found a significant difference in number sense performance 
between the control and experimental group after the training period. Still, after 
6 months this beneficial effect was not present anymore and both groups scored 
similar on mathematical thinking abilities. In addition, not all intervention projects 
were successful. For example, Jansen and colleagues (2013) did not find any 
significant differences between the control and experimental group after a 5 week 
training program in children with mild intellectual disabilities. Importantly, again it 
is not known which mechanism is responsible for the effect of numeracy training 
on arithmetic performance. In conclusion, intervention and remediation programs 
aimed at improving numeracy performance have shown promising results, but 
there is a need for methodological valid studies to determine the long term effects 
and transfer mechanisms of these programs.
CONCLUSION 
In the present study, we aimed to establish the most promising intervention approach 
to improve the numeracy and arithmetic performance in children with CP. First, we 
presented results of our longitudinal study that showed marked improvement of 
early numeracy performance in children with CP over a 2 year period. These results 
closely align with previous longitudinal research that showed improvements in the 
ability to solve addition and subtraction tasks in this participant group (Jenks et al., 
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2009). Despite observable inter-individual differences in the growth trajectories of 
early numeracy, we did not find statistical differences in numeracy performance 
between children with unilateral and bilateral CP. Second, the literature search 
revealed only one peer-reviewed published article investigating the effectiveness of 
an intervention program targeting executive functions in children with CP and this 
study reported mixed results. Our literature search in typically developing children 
indicated that the far transfer effects of working memory programs are limited. 
Intervention programs aimed at enhancing numeracy skills in young children, on 
the other hand, seem to be more effective in enhancing numeracy and arithmetic 
performance. Still, the available studies have some methodological shortcomings 
that limit conclusions on efficacy.
 To conclude, children with CP generally improve in early numeracy performance 
which provides a window of opportunity to accelerate the development. The 
potential efficacy of numeracy training programs in typically developing children 
are promising and warrant further study in children with CP. However, only if in 
future studies larger groups of children are included, individual differences in the 
development of early numeracy performance can be investigated in more detail. 
125
CH
. 8
A
ccelerating the num
eracy perform
ance of children w
ith cerebral palsy: 
in search of the m
ost prom
ising course of action
REFERENCES
•  Aunio, P., Hautamäki, J., & Van Luit, J. E. H. 
(2005). Mathematical thinking intervention 
programmes for preschool children with normal 
and low number sense. European Journal of 
Special Needs Education, 20, 131-146. doi: 
10.1080/08856250500055578
•  Barnett, S. M., & Ceci, S. J. (2002). When and 
where do we apply what we learn? A taxonomy 
for far transfer. Psychological Bulletin, 128, 612-
637. doi: 10.1037//0033-2909.128.4.612
•  Bull, R., & Scerif, G. (2001). Executive functioning 
as a predictor of children’s mathematics ability: 
Inhibition, switching, and working memory. 
Developmental Neuropsychology, 19, 273-293. 
doi: 10.1207/s15326942dn1903_3
•  Butterworth, B. (2005). The development 
of arithmetical abilities. Journal of Child 
Psychology and Psychiatry, 46, 3-18. doi: 
10.1111/j.1469-7610.2005.00374.x
•  Chiswick, B. R., Lee, Y. L., & Miller, P. W. (2003). 
Schooling, literacy, numeracy and labour 
market success. Economic Record, 79, 165-181. 
doi: 10.1111/1475-4932.t01-1-00096
•  Clements, D. H., & Sarama, J. (2007). Effects of a 
preschool mathematics curriculum: Summative 
research on the Building Blocks project. Journal 
for Research in Mathematics Education, 38, 
136-163. 
•  Clements, D. H., & Sarama, J. (2011). Early 
childhood mathematics intervention. Science, 
333, 968-970. doi: 10.1126/science.1204537
•  Cohen, J. (1988). Statistical power analysis for 
the behavioral sciences (2nd edition). Hillsdale: 
Lawrence Erlbaum.
•  Damiano, D. L. (2014). Meaningfulness of mean 
group results for determining the optimal motor 
rehabilitation program for an individual child 
with cerebral palsy. Developmental Medicine & 
Child Neurology, 56, 1141-1146. doi: 10.1111/
dmcn.12505
•  Diamond, A., & Lee, K. (2011). Interventions 
shown to aid executive function development 
in children 4 to 12 years old. Science, 333, 959-
964. doi: 10.1126/science.1204529
•  Fuchs, L. S., Geary, D. C., Compton, D. L., 
Fuchs, D., Hamlett, C. L., & Bryant, J. D. 
(2010). The contributions of numerosity and 
domain-general abilities to school readiness. 
Child Development, 81, 1520-1533. doi: 
10.1111/j.1467-8624.2010.01489.x
•  Gibson, B. S., Gondoli, D. M., Johnson, A. C., 
Steeger, C. M., Dobrzenski, B. A., & Morrissey, R. 
A. (2011). Component analysis of verbal versus 
spatial working memory training in adolescents 
with ADHD: A randomized, controlled trial. 
Child Neuropsychology, 17, 546-563. doi: 
10.1080/09297049.2010.551186
•  Greenes, C., Ginsburg, H. P., & Balfanz, R. 
(2004). Big math for little kids. Early Childhood 
Research Quarterly, 19, 159-166. doi: 10.1016/j.
ecresq.2004.01.010
•  Griffin, S. (2004). Building number sense with 
Number Worlds: a mathematics program for 
young children. Early Childhood Research 
Quarterly, 19, 173-180. doi: 10.1016/j.
ecresq.2004.01.012
•  Himmelmann, K., Beckung, E., Hagberg, G., 
& Uvebrant, P. (2006). Gross and fine motor 
function and accompanying impairments in 
cerebral palsy. Developmental Medicine and 
Child Neurology, 48, 417-423. doi: 10.1017/
s0012162206000922
•  Holmes, J., & Gathercole, S. E. (2014). Taking 
working memory training from the laboratory 
into schools. Educational Psychology, 34, 440-
450. doi: 10.1080/01443410.2013.797338
126
•  Jansen, B. R. J., De Lange, E., & Van der Molen, 
M. J. (2013). Math practice and its influence 
on math skills and executive functions in 
adolescents with mild to borderline intellectual 
disability. Research in Developmental 
Disabilities, 34, 1815-1824. doi: 10.1016/j.
ridd.2013.02.022
•  Jenks, K. M., de Moor, J., & van Lieshout, E. C. 
D. M. (2009). Arithmetic difficulties in children 
with cerebral palsy are related to executive 
function and working memory. Journal of Child 
Psychology and Psychiatry, 50, 824-833. doi: 
10.1111/j.1469-7610.2008.02031.x
•  Jenks, K. M., van Lieshout, E. C. D. M., & de Moor, 
J. (2012). Cognitive correlates of mathematical 
achievement in children with cerebral palsy and 
typically developing children. British Journal 
of Educational Psychology, 82, 120-135. doi: 
10.1111/j.2044-8279.2011.02034.x
•  Jordan, N. C., Glutting, J., & Ramineni, C. 
(2010). The importance of number sense to 
mathematics achievement in first and third 
grades. Learning and Individual Differences, 20, 
82-88. doi: 10.1016/j.lindif.2009.07.004
•  Karbach, J., & Unger, K. (2014). Executive 
control training from middle childhood to 
adolescence. Frontiers in Psychology, 5. doi: 
10.3389/fpsyg.2014.00390
•  Klingberg, T. (2010). Training and plasticity of 
working memory. Trends in Cognitive Sciences, 
14, 317-324. doi: 10.1016/j.tics.2010.05.002
•  Kroesbergen, E. H., Van Luit, J. E. H., Van 
Lieshout, E. C. D. M., Van Loosbroek, E., 
& Van de Rijt, B. A. M. (2009). Individual 
differences in early numeracy: The role of 
executive functions and subitizing. Journal of 
Psychoeducational Assessment, 27, 226-236. 
doi: 10.1177/0734282908330586
•  Locuniak, M. N., & Jordan, N. C. (2008). 
Using kindergarten number sense to predict 
calculation fluency in second grade. Journal 
of Learning Disabilities, 41, 451-459. doi: 
10.1177/0022219408321126
•  Lohaugen, G. C. C., Beneventi, H., Andersen, 
G. L., Sundberg, C., Ostgard, H. F., Bakkan, 
E., . . . Skranes, J. (2014). Do children with 
cerebral palsy benefit from computerized 
working memory training? Study protocol for 
a randomized controlled trial. Trials, 15. doi: 
10.1186/1745-6215-15-269
•  Melby-Lervag, M., & Hulme, C. (2013). Is 
working memory training effective? A meta-
analytic review. Developmental Psychology, 49, 
270-291. doi: 10.1037/a0028228
•  Ostensjo, S., Carlberg, E. B., & Vollestad, N. 
K. (2003). Everyday functioning in young 
children with cerebral palsy: functional skills, 
caregiver assistance, and modifications of the 
environment. Developmental Medicine and 
Child Neurology, 45, 603-612. doi: 10.1017/
s0012162203001105
•  Ostergren, R., & Traff, U. (2013). Early number 
knowledge and cognitive ability affect early 
arithmetic ability. Journal of Experimental 
Child Psychology, 115, 405-421. doi: 10.1016/j.
jecp.2013.03.007
•  Passolunghi, M. C., & Lanfranchi, S. (2012). 
Domain-specific and domain-general precursors 
of mathematical achievement: A longitudinal 
study from kindergarten to first grade. British 
Journal of Educational Psychology, 82, 42-63. 
doi: 10.1111/j.2044-8279.2011.02039.x
•  Schenker, R., Coster, W. J., & Parush, S. (2005). 
Neuroimpairments, activity performance, 
and participation in children with cerebral 
palsy mainstreamed in elementary schools. 
Developmental Medicine and Child Neurology, 
47, 808-814. doi: 10.1017/s0012162205001714
•  Shipstead, Z., Redick, T. S., & Engle, R. W. 
(2012). Is working memory training effective? 
Psychological Bulletin, 138, 628-654. doi: 
10.1037/a0027473
127
CH
. 8
A
ccelerating the num
eracy perform
ance of children w
ith cerebral palsy: 
in search of the m
ost prom
ising course of action
•  Sigurdardottir, S., Eiriksdottir, A., Gunnarsdottir, 
E., Meintema, M., Arnadottir, U., & Vik, T. 
(2008). Cognitive profile in young Icelandic 
children with cerebral palsy. Developmental 
Medicine and Child Neurology, 50, 357-362. doi: 
10.1111/j.1469-8749.2008.02046.x
•  Sorensen, K., Liverod, J. R., Lerdal, B., 
Vestrheim, I. E., & Skranes, J. (2014). Executive 
functions in preschool children with cerebral 
palsy - Assessment and early intervention 
- A pilot study. Dev Neurorehabil, 1-6. doi: 
10.3109/17518423.2014.916761
•  Straub, K., & Obrzut, J. E. (2009). Effects of 
cerebral palsy on neuropsychological function. 
Journal of Developmental and Physical 
Disabilities, 21, 153-167. doi: 10.1007/s10882-
009-9130-3
•  Titz, C., & Karbach, J. (2014). Working memory 
and executive functions: effects of training on 
academic achievement. Psychological Research, 
1-17. doi: 10.1007/s00426-013-0537-1
•  Toll, S. W. M., & Van Luit, J. E. H. (2013). 
Accelerating the early numeracy development 
of kindergartners with limited working memory 
skills through remedial education. Research in 
Developmental Disabilities, 34, 745-755. doi: 
10.1016/j.ridd.2012.09.003
•  Van Luit, J. E. H., Van de Rijt, B. A. M., & Pennings, 
A. H. (1994). Utrechtse Getalbegrip Toets [Early 
Numeracy Test]. Doetinchem: Graviant.
•  van Rooijen, M., Verhoeven, L., & Steenbergen, 
B. (2011). Early numeracy in cerebral palsy: 
review and future research. Developmental 
Medicine and Child Neurology, 53, 202-209. doi: 
10.1111/j.1469-8749.2010.03834.x
•  Van Rooijen, M., Verhoeven, L., & Steenbergen, 
B. (submitted-a). From numeracy to arithmetic: 
precursors of arithmetic performance in children 
with cerebral palsy from 6 till 8 years of age. 
•  Van Rooijen, M., Verhoeven, L., & Steenbergen, 
B. (submitted-b). Working memory and fine 
motor skills predict early numeracy performance 
of children with cerebral palsy. 
128
General 
discussion
chapter 9
130
131
CH
. 9
G
eneral discussion
The aim of the present thesis was to examine the development of early numeracy 
and arithmetic performance in primary school children with CP. In this final chapter 
of the thesis the main findings are first summarized. In addition, the theoretical 
and educational implications are discussed, and challenges for future research are 
provided.
General conclusion 
Children with CP generally lag behind in cognitive performance compared to 
their peers. Only a handful of empirical studies have been dedicated to numeracy 
development of these children. Our narrative review showed that children were 
delayed on counting, subitizing and basic addition and subtraction tasks. 
 During the first years of primary school their early numeracy and arithmetic 
performance improves over a period of two years. In our cross-sectional and 
longitudinal studies, working memory and fine motor skills were shown to be 
positively related to early numeracy performance and early numeracy was strongly 
associated with arithmetic performance in the consecutive year. At 8 years of age, 
gross manual dexterity, visual-motor integration, phonological awareness and 
visual-spatial working memory explained a significant amount of variance in early 
numeracy and arithmetic performance. Moreover, the addition of numeracy in 
the final step of the regression analysis led to a significant increase in explained 
variance in arithmetic performance.
 The studies on addition and subtraction tasks showed that non-verbal intelligence, 
word decoding and fine motor skills were found to be related to this ability in 
primary school. In the longitudinal study, word decoding skills appeared to be 
positively related to the initial status of arithmetic performance. In addition, non-
verbal intelligence and working memory turned out to be associated with the initial 
status and growth rate of arithmetic performance from 7 till 9 years of age. 
 Based on our literature search, working memory training programs were found 
to have limited transfer to scholastic performance. Therefore, tailored numeracy 
remediation programs seem the most promising course of action to accelerate the 
numeracy and arithmetic performance of children with CP. 
Theoretical implications
Development of arithmetic performance
At this moment, there is no comprehensive theory that explains the development 
of arithmetic performance in children. The results of the present thesis are in 
correspondence with the generally accepted notion that arithmetic performance 
develops in a hierarchical manner. That is basic skills, such as counting and 
comparing quantities, form the foundation for the development of more complex 
skills, such as fractions (Butterworth, 2005). Also, early numeracy knowledge 
assessed at kindergarten is predictive of later functional numeracy consisting of 
arithmetic word problems and computational fractions (Geary, Hoard, Nugent, & 
Bailey, 2013). In our research, we found that both the early numeracy and arithmetic 
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performance of children with CP improved over a period of 2 years. In chapter 4, 
we showed that on a group level early numeracy performance improved between 
6 and 8 years of age, but large individual differences were present in children with 
the spastic type of CP (chapter 8). Moreover, in chapter 7 it was shown that the 
ability to solve addition and subtraction tasks was enhanced between 7 and 9 
years of age. Though, the growth rate between 8 and 9 years of age diminished 
compared to the previous year. Overall, it can be concluded that the early numeracy 
and arithmetic performance of children with CP improve during primary school, but 
the observed large inter-individual difference in growth trajectories warrant further 
study.
Individual variation
Our results also add to the growing knowledge that different pathways are responsible 
for the development of various mathematical skills. LeFevre and colleagues (2010) 
showed that linguistic, spatial-attentional and quantitative skills are predictive 
of early numeracy knowledge which is in turn related to different mathematical 
outcomes such as geometry measurement and magnitude comparison. For instance, 
in chapter 6 it was shown that linguistic factors were positively associated with the 
ability to solve addition and subtraction tasks. 
 Moreover, the cognitive precursors of early numeracy and arithmetic performance 
were studied. Working memory as a latent variable consisting of a verbal component, 
visual-spatial component and executive functioning were strongly related to early 
numeracy and arithmetic performance in the consecutive year (chapter 4). In 
chapter 7, updating was not only positively associated with the ability to solve 
addition and subtraction tasks, but also with the development of performance. 
The strong association between working memory and arithmetic performance is 
in correspondence with the results of previous research (Jenks, de Moor, & van 
Lieshout, 2009).  
 The contribution of both domain-general and domain-specific factors has 
repeatedly been described in the studies including typically developing children 
(e.g. Fuchs et al., 2010). Domain-general factors, such as non-verbal intelligence and 
working memory, were predictive of early numeracy and arithmetic performance 
(chapter 3). Moreover, domain-specific factors, like counting, were found to be 
strongly related to arithmetic performance even after controlling for other cognitive 
factors (chapter 4). According to Vukovic et al. (2014), the influence of both type of 
cognitive factors can be explained in the following manner with respect to fractions: 
‘Domain-general competencies may be foundational for fraction concepts only 
insofar as they promote the development of intermediate mathematical skills. Early 
numerical and mathematical competencies may be direct antecedents and powerful 
longitudinal predictors of children’s understanding of fraction concepts’ (p. 1471).
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Embodied cognition perspective
The embodied cognition perspective focuses on the interrelation between cognition 
and action (Wilson, 2002). The diagnosis of CP states that the difficulties in motor 
control and posture have to be present at least before the second year of life 
(Rosenbaum, Paneth, Leviton, Goldstein, & Bax, 2007). Consequently, these children 
are likely to have fewer opportunities in exploring their environment through self-
locomotion. However, generally both the cognitive and motor domains are affected 
by the disorder. Therefore, it is particularly difficult to determine the direction and 
causality of relations and to unravel the relative influence of cognition and motor 
functioning on the performance on a single task. 
 Fine motor skills were found to be positively related to the early numeracy 
and arithmetic performance of children with CP. In our longitudinal study, there 
was a sustained contribution of fine motor skills to early numeracy performance 
(chapter 4).Particularly gross manual dexterity and visual-motor integration were 
positively associated with both early numeracy and arithmetic performance 
(chapter 5). It can tentatively be concluded that the capability to use the hands to 
manipulate objects influences the early numeracy and arithmetic performance of 
children with CP. 
 The influence of fine motor skills on arithmetic performance has been found in 
correlational and experimental studies including typically developing children (Di 
Luca, Granà , Semenza, Seron, & Pesenti, 2006; Son & Meisels, 2006). To the best 
of our knowledge this association has not been studied in children with motor 
difficulties yet. In our research, fine motor skills were positively related to early 
numeracy performance whereas linguistic skills and non-verbal intelligence were 
not statistically significant. This could be due to statistic artefacts, for instance 
due to more variation in the motor scores compared to other measures. But, fine 
motor skills measured at kindergarten were an indicator of language and math 
achievement at primary school for typically developing children (Grissmer, Grimm, 
Aiyer, Murrah, & Steele, 2010), which could also be the case for children with CP.  
 In addition, fine motor skills were more influential than gross motor skills. Son & 
Meisels (2006) reported that visual motor skills were significantly higher correlated 
to cognitive achievement than gross motor skills for typically developing children. 
This corresponds with other research, where in infancy gross motor skills, like 
crawling and walking, are influential for cognitive development, whereas during 
primary school fine motor skills, like reaching and gesturing, are more related to 
academic achievement.
 Several explanations can be put forward to account for the influence of fine 
motor skills on numeracy performance. First, it is not necessary to use fingers when 
learning to count, but it has been found in different cultures over the world (Di 
Luca & Pesenti, 2011). According to Crollen and colleauges (2011) using fingers 
when counting allows the working memory load to be alleviated and thereby 
facilitating complex numerical task performance. A similar explanation has been 
proposed for the usefulness of gesturing to facilitate children in learning to solve 
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novel mathematical problems (Goldin-Meadow, Nusbaum, Kelly, & Wagner, 2001). 
That is, gesturing might decrease the load on cognitive resources which can be then 
allocated to other tasks.
 Second, it can be argued that gesturing might lead to internalization of new ideas. 
Novack and colleagues (2014) investigated more thoroughly which aspect was 
responsible for the improved performance using movements (Novack, Congdon, 
Hemani-Lopez, & Goldin-Meadow, 2014). In their study, children were taught one of 
three strategies: using actions, using concrete gestures, or using abstract gestures. 
All strategies led to enhanced performance, however, only the gesture conditions 
led to generalization of the learned strategy. The authors hypothesize that ‘(…) 
saying words while gesturing may help a learner to integrate and internalize those 
words, whereas saying words while acting may not’ (p. 909).
 An important remark that has to be made is that the influence of the embodied 
cognition perspective on learning and education has thus far primarily been 
described in theoretical expositions. Stated otherwise, the empirical evidence of 
the applicability of this theoretical framework is still quite limited. But children with 
CP have been found to show learning difficulties (Himmelmann, Beckung, Hagberg, 
& Uvebrant, 2006) and limited working memory capacities (Jenks et al., 2009). 
Thus, strategies to enlighten the load when performing a mathematical task might 
be very helpful to facilitate learning of more complex skills. This could be 
accomplished by increasing the structure of the educational activities. Children 
with working memory difficulties tend to use less effective learning strategies and 
might benefit from more support provided by teachers or the curriculum (Alloway, 
Gathercole, Kirkwood, & Elliott, 2009). Another option would be to provide 
additional memory aids, like a number line, to help them keep track of the task at 
hand. Using fingers and gesturing might have a similar effect. In future studies, the 
interrelation between motor and cognitive functioning of children with CP should 
be further disentangled. In particular, this research should explore the mechanisms 
that are responsible for the influence of fine motor functioning on numeracy and 
arithmetic performance.
Implications for education
If children lag behind in early numeracy performance in kindergarten and do not 
receive remedial training at the start of primary school, they will not be able to 
catch up with their peers in mathematical fluency and knowledge (Ostergren 
& Traff, 2013; Toll & Van Luit, 2013). The strong association between early 
numeracy and arithmetic performance in the same and consecutive years was 
also repeatedly shown in this thesis (see chapter 4 and 5). At the same time, 
however, the improvement in numeracy and arithmetic performance implies the 
potential to accelerate this development. Thus, an early assessment and start with 
an intervention or remediation program should be most effective in improving 
the numeracy and arithmetic performance of children with CP. In chapter 8, we 
argue that training programs focusing on numeracy skills are the most promising 
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course of action to enhance the arithmetic performance of these children. However, 
it is still an empirical question whether programs which have been found to be 
effective in studies including typically developing children will also be beneficial for 
children with CP.  
 During the assessments of the present study, special and regular schools existed 
in parallel in the Dutch education system. In August 2014, the law amendment 
‘Passend onderwijs’ has been implemented in the Netherlands. Schools have the 
responsibility to organize education for all children that sign up for their school. 
From 2015 onwards, it will be possible to start evaluating the quality of the education 
that children with special needs receive compared to the previous system. For every 
child, an individual developmental plan has to be created at the start of primary 
school, which provides the opportunity to give school lessons directed to their 
educational needs and evaluate the progress children make. However, this should 
be based on comprehensive assessment of the cognitive abilities of these children. 
Common cognitive tasks require adequate motor functioning as well, which may 
underestimate their performance due to the inability to complete a task (Sherwell 
et al., 2014).  Moreover, it is likely that some children with CP will not be able to 
follow the regular curriculum. So, if they need additional support or remediation 
courses, it remains to be seen whether (remedial) teachers will have sufficient time 
to provide individual programs for these children. Particularly, since instruction 
time has found to be an important prerequisite for arithmetic performance of 
children with CP (Jenks et al., 2007). This novel educational system particularly asks 
for longitudinal and intervention studies to investigate how we can best support the 
development of children with CP.
 A promising line of research might be to develop a training program that combines 
cognitive and motor training. A systematic review of all interventions for children 
with CP, showed that no intervention was able to improve functioning on multiple 
aspects of the ICF system such as ‘body structures and function’, ‘participation’, 
and ‘environment’ (Novak et al., 2013). The effectiveness of both bimanual training 
and constrained-induced movement therapy in improving the upper limb activity 
of children with CP has been established in previous studies. In various chapters, 
we have shown that fine motor skills were positively related to early numeracy 
and arithmetic performance of children with CP. Theoretically, it has been argued 
that children’s construction and understanding of mathematics can be supported 
by teaching mathematics grounded on embodiment-based reasoning (Arzarello, 
Robutti, & Bazzini, 2005). Kontra and colleagues (2012) argued in a similar manner 
that ‘(…) doing a relevant action leads to enhanced learning over passively viewing 
that action’ (p. 736). Thus if an adaptive intervention program will be developed 
that combined both numeracy and upper limb functioning, children may potentially 
benefit enormously from it. 
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Future directions 
In the present thesis, we incorporated several cognitive and motor tasks to obtain 
a comprehensive view of the development of numeracy. Although we tested a 
substantial number of children we were not always able to differentiate between 
type of CP, affected side, and (gross) motor functioning level in the statistical 
analyses. The research on children with CP would benefit tremendously from 
studies with larger sample sizes that follow children for several years. Given that 
both cognition and motor functioning were associated to numeracy development, it 
will be highly informative to include several domains, such as cognition, 
communication and social participation, in one research design (Schiariti, Selb, 
Cieza, & O’Donnell, 2014). 
 In addition, the inclusion of more detailed information on perceptual abilities 
could be very informative. Notably cerebral visual impairment (CVI) has been 
reported to affect around 60 to 70% the individuals with CP. According to Fazzi 
and colleagues (2012) each type of CP (i.e. hemiplegia, diplegia and tetraplegia) 
is related to a certain neuro-ophthalmological profile. Perception might be an 
important mechanism in the relation between action and cognition. Kretch and 
colleagues (2014) show empirically that the alteration from crawling to walking 
leads to an increased visual field when moving around, which could be responsible 
for the development of spatial cognition. Moreover, visual-motor integration is 
a vital aspect to participate in school through for instance handwriting (Carlson, 
Rowe, & Curby, 2013).
 Even though only children from special education schools in the Netherlands 
were included in this project, substantial differences in cognitive and motor 
functioning between the children were present. This is in accordance with other 
studies that reported on the heterogeneity of the population and accompanying 
impairments (Himmelmann et al., 2006). Recently, consensus on the inclusion and 
exclusion criteria for surveillance studies on CP have been defined more elaborately 
(Smithers-Sheedy et al., 2014). The concluding remark of the authors is that ‘(…) CP 
is defined by clinical description rather than by pathology or aetiology’ (p. 5). At this 
moment, the diagnosis of CP is based on a combination of characterizations which 
makes it very likely that considerable differences in various developmental domains 
are found. It is likely that the more common use and increased understanding of 
neuroimaging data will shed more light on this issue in the near future. That is, 
abnormalities in neuroanatomical findings have been reported in approximately 
80 to 90% of the children with CP. The diagnosis of CP is based on behavioural 
classifications, but neuroimaging data could provide us more understanding of 
the aetiology and pathogenesis of the disorder (Korzeniewski, Birbeck, DeLano, 
Potchen, & Paneth, 2008). More importantly, if we would be able improve our 
knowledge on the development of these children, then more suitable tailored 
intervention programs could be developed to enhance the academic performance 
of these children. 
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SUMMARY 
Numeracy is a fundamental aspect of modern life. Moreover, it has been found to 
be an important prerequisite for academic achievement and labour market success. 
Although quite some research has been dedicated to the numeracy performance 
of typically developing children, the knowledge on the numeracy development 
of children with developmental disabilities and, especially, cerebral palsy (CP) is 
negligible. The aim of the present thesis was to increase the knowledge on the 
cognitive development and especially the numeracy performance of primary school 
children with CP. In this thesis early numeracy has been defined as both beginning 
numeracy consisting of counting, comparing quantities and general understanding 
of numbers, but also arithmetic accuracy consisting of addition and subtraction 
tasks.  
 To examine the development of early numeracy performance of children with CP, 
we have conducted a longitudinal study on early numeracy performance and its 
predictors. We followed a group of children with CP for 2 years and assessed their 
motor and cognitive performance annually which resulted in three measurement 
waves. In addition, we collaborated with the PEdiatric Rehabilitation Research In the 
Netherlands (PERRIN) group to study the development of addition and subtraction 
tasks in primary school aged children.
As start of the project, we conducted a literature search to summarize what 
was already known about the numeracy development of children with CP 
(Chapter 2). Existing studies show that children with CP are regularly delayed in 
counting, subitizing, and simple arithmetic operations compared to their typically 
developing peers. A longitudinal study reported that children with CP in special 
education, particularly, lagged behind. However, our literature search showed a 
dearth of studies on this topic. Consequently, no general conclusions can be drawn 
about the antecedents and developmental trajectories of arithmetic abilities in 
these children. More specifically, the early numeracy capacities of children with CP 
have not been investigated longitudinally. This is particularly remarkable because 
mathematics develops in a hierarchical manner and early arithmetic abilities have 
been shown to be an important requirement for later development.
 In the first cross-sectional study (Chapter 3), various factors which were previously 
shown to affect early numeracy in typically developing children were integrated, 
and applied to children with CP. We examined whether working memory, non-verbal 
intelligence, linguistic skills, counting and fine motor skills were related to early 
numeracy performance of 6-year-old children. Working memory and fine motor 
skills were positively and significantly associated with early numeracy performance 
of these children. Moreover, basic counting skills functioned as a mediating variable 
between working memory and early numeracy performance. 
 In the next chapter (Chapter 4), we described the development of early numeracy 
in children with CP from 6 till 8 years of age and its precursors using a longitudinal 
design consisting of three measurement waves. Early numeracy performance of 
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children with CP improved during this period and was strongly related to arithmetic 
performance at 8 years of age. Principal component analysis showed that verbal 
working memory, visual-spatial working memory and executive functioning could 
be combined into one score in the longitudinal model. The main outcome of our 
study was that working memory, counting and fine motor skills were all positively 
related to early numeracy performance a year later. In addition, working memory 
and fine motor skills were found to be positively related to the development of 
early numeracy. 
 Previous studies focused on either numeracy or arithmetic performance and 
included only a small set of predictors. Therefore, we studied whether various 
fine motor, language and working memory factors are positively associated to 
early numeracy performance (Chapter 5). We compared the relative influence 
of fine motor skills, language and working memory tasks on early numeracy and 
arithmetic performance of children with CP using hierarchical regression analyses. 
Gross manual dexterity, visual-motor integration, phonological awareness and 
visual-spatial working memory explained a significant amount of variance in early 
numeracy and arithmetic performance. Moreover, the addition of early numeracy 
in the final step led to a significant increase in explained variance in the ability to 
solve addition and subtraction tasks. 
In the second part of this thesis, the cognitive and motor precursors of addition 
and subtraction tasks in a large sample of seven-year-old children with CP were 
investigated (Chapter 6). Preliminary analyses showed that the cognitive and 
motor variables were all positively correlated to each other, which confirms the 
previously found relations between these variables. In the cognitive model, non-
verbal intelligence and word decoding scores were predictive of arithmetic at 
primary school. The arithmetic scores of these children were particularly influenced 
by word decoding skills. In our combined model, both cognitive and motor factors 
were included. The results showed that word decoding scores and fine motor skills 
were the strongest predictors of arithmetic performance. 
 Consequently, we studied the development of arithmetic performance in 7 year-
old children with CP and the factors which were associated with the change in the 
following two years (Chapter 7). We found that arithmetic performance of children 
with CP improved from 7 till 9 years of age. Non-verbal intelligence, working memory 
and word decoding were all positively related to arithmetic performance of children 
with CP when they were 7 years of age. Only non-verbal intelligence and working 
memory were positively related to the increase in addition- and subtraction tasks 
over the next two years.
In the final study (Chapter 8), it was aimed to establish the most promising 
intervention approach to improve the numeracy performance in children with 
CP. First, we presented results of our longitudinal project that showed marked 
improvement of early numeracy performance in children with CP over a 2 year 
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period. These results closely align with previous longitudinal research that showed 
improvements in the ability to solve addition and subtraction tasks in this participant 
group. Despite observable inter-individual differences in the growth trajectories of 
early numeracy, we did not find statistical differences in numeracy performance 
between children with unilateral and bilateral CP. Second, the literature search 
revealed only one peer-reviewed published article investigating the effectiveness of 
an intervention program targeting executive functions in children with CP and this 
study reported mixed results. Our literature search in typically developing children 
indicated that the far transfer effects of working memory programs are limited. 
Intervention programs aimed at enhancing numeracy skills in young children, on 
the other hand, seem to be more effective in enhancing numeracy and arithmetic 
performance. Still, the available studies have some methodological shortcomings 
that limit conclusions on efficacy.
 To conclude, children with CP generally improve in early numeracy performance 
which provides a window of opportunity to accelerate the development. The 
potential efficacy of numeracy training programs in typically developing children 
are promising and warrant further study in children with CP. However, only if in 
future studies larger groups of children are included, individual differences in the 
development of early numeracy performance can be investigated in more detail. 
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Cerebrale parese (CP) wordt gekenmerkt door moeilijkheden met motorische 
vaardigheden. Het is echter ook bekend dat kinderen vaak moeilijkheden hebben 
in andere domeinen zoals communicatie, gedrag, sensorische vaardigheden en 
cognitie. Er is nog weinig onderzoek gedaan naar de cognitieve ontwikkeling bij 
kinderen met CP en in hoeverre deze verschilt van typisch ontwikkelende kinderen. 
In dit proefschrift staan de cognitieve vaardigheden en dan specifiek getalbegrip 
en rekenvaardigheden van deze groep kinderen centraal. Vanuit de theorie van 
belichaamde cognitie zou verwacht kunnen worden dat verminderde motorische 
mogelijkheden bij kinderen met CP een nadelig gevolg kan hebben voor hun 
ontwikkeling van getalbegrip en rekenvaardigheden. In dit proefschrift wordt 
onderzocht in hoeverre cognitieve en motorische factoren voorspellend zijn voor 
de ontwikkeling van getalbegrip en rekenen bij kinderen met CP in het speciaal 
onderwijs.
 In hoofdstuk 2 hebben we eerst gekeken wat er bekend is over de numerieke 
ontwikkeling (getalbegrip en rekenen) van kinderen met CP. We hebben systematisch 
gezocht naar wetenschappelijke studies over dit onderwerp en konden maar een 
handvol artikelen vinden die gepubliceerd waren in internationale tijdschriften. Door 
het beperkte aantal studies, konden er geen definitieve conclusies getrokken worden 
over de voorspellende factoren het ontwikkelingsverloop van rekenvaardigheden 
bij deze kinderen. Maar op basis van de bestaande studies kunnen we wel stellen 
dat kinderen met CP over het algemeen achter lopen in tellen, ‘subitizing’ en 
eenvoudige plus- en minsommen in vergelijking met hun leeftijdgenoten. Daarnaast 
geven we in dit hoofdstuk suggesties voor vervolg onderzoek, onder andere om de 
ontwikkeling van getalbegrip bij kinderen met CP te onderzoeken en de invloed van 
motorische vaardigheden op de cognitieve ontwikkeling te onderzoeken. 
Getalbegrip
In hoofdstuk 3 hebben we gekeken naar de factoren die een rol spelen bij getalbegrip 
van kinderen met CP die 6 jaar oud zijn. We hebben een groot aantal mogelijk 
voorspellende factoren meegenomen namelijk werkgeheugen, taalvaardigheden, 
fijne hand motoriek, tellen, en non-verbale intelligentie. Het was een cross-sectionele 
studie waarbij alle variabelen op één moment gemeten zijn. Uit de analyses bleek 
dat vooral het werkgeheugen en de fijne hand motoriek positief gerelateerd zijn 
aan getalbegrip. Bovendien functioneerde tellen als medieërende variabele tussen 
werkgeheugen en getalbegrip. Deze studie benadrukte vooral het belang van 
werkgeheugen voor getalbegrip bij kinderen met CP in het basisonderwijs. 
 In hoofdstuk 4 hebben we naar de ontwikkeling van getalbegrip gekeken en welke 
factoren bepalend zijn voor de verandering van rekenvaardigheden. Het was een 
longitudinale studie waarin kinderen over een periode van 2 jaar gevolgd hebben. 
In verschillende modellen hebben we onderzocht of het werkgeheugen, tellen en 
fijne motoriek bepalend zijn voor de rekenvaardigheden van deze kinderen. Uit 
de resultaten bleek allereerst dat de numerieke vaardigheden van kinderen met 
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CP toenamen in de leeftijd van 6 tot 8 jaar. Getalbegrip was sterk gerelateerd aan 
rekenvaardigheden in het opeenvolgende jaar. Daarnaast bleken het werkgeheugen 
en de fijne motoriek sterk geassocieerd te zijn met de ontwikkeling van getalbegrip 
bij deze kinderen. 
 Vervolgens hebben we gekeken of dezelfde of andere factoren gerelateerd 
waren aan getalbegrip en rekenvaardigheden wanneer de kinderen 8 jaar oud 
waren (hoofdstuk 5). We hebben taken op het gebied van hand motoriek, taal 
en werkgeheugen meegenomen. Uit een hiërarchische regressie analyse bleek 
dat dezelfde factoren zowel voor getalbegrip als rekenvaardigheden bepalend 
waren. Namelijk, grove hand motoriek, foneem herkenning (het onderscheiden 
van klanken met een verschillende betekenis) en visueel-ruimtelijk werkgeheugen 
waren in staat om variantie te verklaren. Tot slot, bleek dat getalbegrip in staat was 
om additionele variantie te verklaren in rekenvaardigheden. Oftewel, verschillende 
factoren spelen een rol in het numeriek presteren van kinderen met een CP waarbij 
vooral getalbegrip van belang lijkt te zijn voor rekenvaardigheden. 
Rekenen
In hoofdstuk 6 hebben we gekeken welke factoren bepalend zijn voor de 
rekenvaardigheden bij kinderen met een CP als ze op de basisschool zitten. In deze 
cross-sectionele studie, hebben we gekeken wat de relatieve invloed van non-verbale 
intelligentie, werkgeheugen, woord decodering en grove en fijne hand motoriek 
op rekenvaardigheden was. In het model met alleen cognitieve voorspellers waren 
non-verbale intelligentie en woord decodering statistisch significant gerelateerd. 
Terwijl in het model met motorische en cognitieve vaardigheden, woord decodering 
en fijne motoriek als belangrijkste voorspellers naar voren kwamen. 
 Tot slot hebben we ontwikkeling in rekenvaardigheden over tijd onderzocht. Met 
andere woorden, we hebben kinderen longitudinaal gevolgd en gekeken welke 
cognitieve factoren bepalend zijn voor hun initiële prestatie en de ontwikkeling 
over tijd. De vaardigheid om eenvoudige plus- en minsommen op te lossen 
verbeterde van 7 tot 9 jaar. Woord decodering was positief gerelateerd aan de 
initiële rekenvaardigheden. Non-verbale intelligentie en werkgeheugen bleken 
positief gerelateerd aan zowel de initiële prestatie als groei in prestatie over een 
periode van 2 jaar.
Interventieprogramma
In hoofdstuk acht hebben we een aanzet gegeven voor een interventieprogramma 
voor kinderen met een CP in de basisschool leeftijd. Uit ons onderzoek is gebleken 
dat kinderen met CP zich ontwikkelen in getalbegrip van 6 tot 8 jaar. We zien echter 
dat er veel individuele verschillen zijn. Aangezien er slechts één studie is gedaan 
naar een training om werkgeheugen (in dit geval executieve functies oftewel de 
cognitieve vaardigheid om onder andere te plannen en problemen op te lossen) 
te trainen van kinderen met CP, hebben we gekeken wat we van de studies van 
typisch ontwikkelende kinderen kunnen leren. Werkgeheugen trainingen zijn 
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effectief in het verbeteren van de prestaties op werkgeheugen taken, maar er is 
nog onvoldoende bewijs dat ze ook school prestaties, zoals rekenen en taal, positief 
beïnvloeden. Een aantal studies hebben gevonden dat interventie of remediërende 
trainingen van getalbegrip effectief zijn. Er moet nog onderzocht worden of deze 
programma’s een soortgelijk effect hebben voor kinderen met CP, maar het lijkt de 
meest veelbelovende aanpak om het getalbegrip en rekenvaardigheden van deze 
groep kinderen te verbeteren. 
Tot slot
In de algemene discussie worden de resultaten samengevat en besproken wat de 
implicaties op theoretisch gebied en voor de onderwijspraktijk zijn. Kinderen met CP 
ontwikkelen zich in getalbegrip en rekenvaardigheden over een periode van 2 jaar. 
Er zijn echter grote verschillen tussen de kinderen die verder onderzocht dienen 
te worden. In de huidige studie waren zowel algemene cognitieve vaardigheden, 
zoals werkgeheugen, en domein specifieke vaardigheden, zoals tellen, positief 
gerelateerd aan getalbegrip en rekenen. Bovendien was de fijne motoriek positief 
geassocieerd aan de rekenvaardigheden van kinderen. Het is echter nog onduidelijk 
welk mechanisme hiervoor verantwoordelijk is. Als kinderen eenmaal achterlopen 
op hun leeftijdgenoten is het lastig om op een soortgelijk niveau van rekenen op 
een latere leeftijd te bereiken. Het is daarom aan te bevelen om aan het begin van 
de schoolcarrière van kinderen met CP te beginnen met interventieprogramma’s 
gericht op numerieke vaardigheden. 
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hebt altijd een praktisch plan van aanpak. Je draait je hand er niet voor om voor m’n 
vriendinnen een drie gangen menu te koken en hard om je eigen grappen lachen. Ik 
vind het bewonderenswaardig hoe je je inzet voor je patiënten en daar dag en nacht 
mee bezig kan zijn. En ik ben heel blij dat je Jop in onze familie geïntroduceerd hebt. 
Als ‘Familie Grotendoorst’ zijn jullie een mooi stel. 
De fam, voor mij is dit proefschrift  voor jullie. Jullie blijvende interesse in mijn 
project, hoewel er jaren lang niet meer reactie kwam dan ‘Bert heeft er vertrouwen 
in’, laat volgens mij perfect zien hoe jullie me altijd gesteund hebben. Bijvoorbeeld 
toen ik het briljante idee had om in m’n eentje naar Zuid-Amerika te gaan, brachten 
jullie me op Tweede kerstdag naar Schiphol (en dat was niet de enige keer dat jullie 
daar op onmogelijke tijden stonden). Ik hoop dat we de komende jaren mooie 
activiteiten blijven ondernemen! 
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